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Aromatic interactions in a non-porous solvents have been significantly overlooked in the 
past few decades. In contrast aromatic interactions in polar solvents, in particular water 
have been studied extensively leading to an in depth understanding of these interactions 
and driving forces in these media. The first chapter of this thesis reviews the nature of 
aromatic interactions, how to best define and evaluate their strength, as well as presenting a 
historical perspective on aromatic interactions in non-polar environments. 
 
The second chapter of this thesis describes the strength and driving forces of aromatic 
interactions in such solvents as heptane, methylcyclohexane, dibutyl ether, squalene and 
chloroform. This was evaluated by studying an archetypal aromatic donor-acceptor 
complex between that of naphthalenediimide and dialkoxynaphthalene. A combination of 
1H NMR, UV-vis spectroscopy and isothermal calorimetry techniques were employed to 
elucidate their strength and thermodynamic functions.  
 
In the third and fourth chapters the knowledge acquired concerning aromatic interactions in 
non-polar environments was then employed in the design of lubricant additives. In Chapter 
3, as potential friction modifiers in which their behaviour on metal surfaces was probed 
using reflective absorbance infrared spectroscopy, sum frequency generation spectroscopy, 
as well as initial rig tests. Finally in chapter 4, as potential soot solubilisation agents in 
which the interaction of various polycyclic aromatics with perylenediimide was monitored 
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‘c’    Wiseman parameter 
[H]  Host 
[H.G]  Host-Guest complex 
[G]  Guest 
1D   One dimensional 
2D   Two dimensional 
oC   Degrees centigrade 
A   Acceptor 
A-A   Acceptor-Acceptor 
BDI   Benzodiimide 
BH     Benesi-Hildebrand 
CT   Charge transfer 
D   Donor 
D-A   Donor-Acceptor 
DBE   Dibutylether 
DCM   Dichloromethane 
DMA   Dimethylacetamide 
DMF   Dimethylformamide 
DMSO  Dimethylsulfoxide 
DN   Dialkoxynaphthalene 
DHN   Dihydroxynaphthalene 
DNA   Deoxyribonucleic acid 
DUR    Durene 
Eq.   Equation  
Equiv.  Equivalent 
F-SAPT  Functional symmetry-adapted perturbation theory 
FTMS   Fourier transform mass spectrometry 
ΔG   Change in Gibbs free energy 
ΔH   Change in enthalpy 
HMB   hexamethylbenzene 
HOMO  Highest occupied molecular orbital  
HS   Hunter Sanders 
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ITC   Isothermal calorimetry 
J   Joule 
K   Kelvin 
Ka   Association constant 
LFER  Linear free energy relationship 
LUMO  Lowest unoccupied molecular orbital 
MCH   Methylcyclohexane 
MS   Mass spectrometry 
NDA   Naphthalene dianhydride 
NDI   Naphthalene diimide 
NMI   Naphthalene monoimide 
NMR  Nuclear Magnetic Resonance 
ΔP   change in a physical property 
PAH   Polycyclic aromatic hydrocarbon 
PDI   Perylene diimide  
R   Gas constant 
RT   Room Temperature 
RAIRs  Reflection absorption infrared spectroscopy 
SFG   Sum Frequency Generation Spectroscopy 
ΔS   Change in entropy 
TBDSMSCl  tert-butyldimethylsilyl chloride 
TCE   1,1,2,2-tetrachloroethane 
TCNE  Tetracyanoethylene 
TFA   Trifluoroacetic acid 
THF   Tetrahydrofuran 
TNB   Trinitrobenzene 
WH   Wheeler Houk 
UV-vis  Ultra violet-visible 
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1.1 Aromatic Interactions 
 
Aromatic Interactions are ubiquitous in chemistry, they have been utilised in many ways 
including molecular machines, protein and DNA folding, sensors, photovoltaic devices, 
interlocked structures, scavengers, charge separation and self healable polymers.  
 
π-π D-A interactions are face centered π-stacking interactions between an electron rich 
aromatic molecule which acts as a ‘donor’ and an electron deficient aromatic compound 
that acts as an ‘acceptor’. These are a subset of aromatic interactions, which differs from 
electron neutral or rich aromatic stacking which is usually edge to face or in an offset 
conformation.  
 
There is much debate on the exact mechanism of π-π aromatic interactions which centres 
around the nomenclature of π-stacking itself, electrostatic, direct substituent interactions, 
charge transfer, polarisability, Van der Waals and solvation/desolvation considerations.1–4  
 
The two main schools of thought in this regard are the Hunter and Sanders (HS) model 
based on electrostatics, and the Wheeler and Houk (WH) Model based on the direct 
interaction of local dipoles with aromatic surfaces.3–5 The HS model qualitatively predicts 
aromatic interactions through the difference in quadrupolar moments, as well as 
desolvation and dispersion forces.  In contrast the WH model is an alternative to the HS 
model which predicts stabilising aromatic interactions in systems which are disfavoured by 
HS, as well as determining that the interaction is due to local dipoles. 
 
For the purpose of this thesis, the HS model will be adopted. The HS model best explains 
aromatic interaction chemistry and successfully predicts the relative magnitude and 
geometry of aromatic interactions in solution. The WH model is largely based on gas phase 
calculations, which at time of writing this thesis have not been shown to effectively 






1.1.1 Hunter and Sanders Model 
 
In 1991 Hunter and Sanders proposed a theory of π-stacking based on electrostatics (HS), 
in that the substituents on an aromatic system either will influence the quadrupolar moment 
of the aromatic moiety by inducing either a partial negative or positive charge.3 This 
difference in quadrupolar moment then determines the geometry of the interaction whether 
it be face-centered stacking, offset or T-shaped. 
 
 
Figure 1 π-Stacking confirmations L to R face centered, offset, T-shaped and edge to face 
 
Face-centered stacking is observed when the quadrupole moments are opposite to each 
other. In electron neutral aromatics, such as benzene, the electron density creates a 
quadrupole moment where the density is concentrated above and below the plane formed 
by the sigma bonds.  
 
In case of electron neutral or rich aromatics the π-π interaction leads to T-shaped or edge to 
face geometries as these minimise the unfavourable π-π overlap and allow interaction 
between the partially positive ring and an adjacent π cloud as illustrated in Figure 2. In an 
electron deficient aromatic (Figure 2) the quadrupole moment is inverse meaning electron 
density is not concentrated above and below the ring. In these examples offset 
confirmations are observed due to allow overlap of the electron poor ring and electron rich 
periphery.  
 
Electron rich aromatics differ from electron poor variants as the quadrupole moment is 
exaggerated, which creates a electron-partial negative charge above and below the plane of 
the aromatic system. Bringing rich and poor aromatic moieties together is therefore 
electrostatically favourable.  
 
Although attractive interactions between π systems had been known and utilised for 
decades, the HS theory was the first widely accepted model of π-π interactions. In the 
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1940’s and 50’s nitrofluorenes and trinitrobenzenes were found to form a number of 
brightly coloured complexes with a variety of polycyclic aromatics (PAHs) in both the 
solid state and solution.6–8 Favourable interactions were observed through the aggregation 
of porphyrins in both solution and solid state with co-facial offset stacking repeatedly 
observed in crystal structures.9,10 Furthermore, numerous examples were observed within 
biology concerning DNA and the tertiary structure of proteins.11–14 Aromatic interactions 
were also used in molecular recognition and host guest systems.15–18 
 
An elegant illustration of the HS model is shown by Iverson et al. in a study of 
naphthalenediimides (NDI) and dialkoxynaphthalenes (DN) in which the association 
constants of NDI to DN and to themselves are determined (Figure 2). The NDI-DN 
association constant is 10 times of that NDI-NDI and 100 times that of the  DN-DN.19 
Furthermore observations have been made by Matile et al. of increasing binding strength 
of π-rich napthalenes in π-poor synthetic pores with increasing difference in quadrupolar 
moments between differing isomers of DNs.20 
 
In a typical π-π D-A interaction, π-orbital mixing occurs between the two complementary 
sets of π systems. These interactions are commonly characterised by a colour change as a 
charge-transfer (CT) complex is formed as a result of the π mixing in which an electron 
from the HOMO of the donor is excited to the LUMO of the acceptor. Notably CT 
complex is not a significant stabilising contribution in the association of aromatics but is 
rather a consequence of the complementary quadrupolar moments and proximity of the 
moieties.21,22 Therefore it was proposed that the magnitude of the interaction between 












Hunter illustrated the dominance of electrostatics through a series of double mutant cycle 
experiments to elucidate the effect of ring substituents using H-bonded zipper complexes 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































KDN-DN ~ 20 M-1 KNDI-NDI ~ 200 M


























Figure 3 Chemical double-mutant cycle for measuring the free energy contribution of the aromatic stacking 
interaction reproduced from Ref 25. 
 
The use of the double mutant system allowed the discounting of the hydrogen bonding and 
other intermolecular interactions and only observe the change due to the substituent off the 
ring. 1H NMR titrations in chloroform were performed with pentafluorophenyl substrates 
in early studies, later nitro and amino substituted systems were also used.24,25 In all cases 
binding observed between electron poor and electron rich systems was an order of 
magnitude larger then between electron poor aromatics exclusively. However, electron 
poor substrates with pentafluorophenyl substrates also showed significant binding. A 
dependence on the properties and location of substituents was also observed.25  
 
While the HS model explains and predicts π-π D-A interactions well there is debate as to 







1.1.2 Direct interaction / Wheeler and Houk Model  
 
More recently a number of computational studies have contradicted the HS model.4,5,27–29 
The direct interaction model has been proposed by Wheeler and Houk (WH) where π-
stacking or stabilisation is a result of the interaction between the local dipole of the 
substituent with an adjacent aromatic system and does not involve both π systems (Figure 
4). In this model, electron-rich aromatics are able to stabilise facial aromatic dimers 
relative to their unsubstituted analogues which contradicts the HS model.27,29  
 
Figure 4 Interaction due to dipole (L) between benzene sandwich (R) benzene H-X dimer 
Houk and co-workers performed a study in which the binding energies of a number of 
substituted benzene and benzene sandwich complexes were calculated and compared 




Figure 5 Interaction energies (kcal mol−1), relative to the unsubstituted case (X = H), versus σ mX (Hammett 
Sigma meta constants) for (a) the sandwich dimer of C6H5−X with benzene (blue) and C6F6 (red); (b) the dimer 
of H−X and benzene (blue) and C6F6 (red) at the equilibrium separation distances (Re) of the corresponding 
substituted dimers in panel a. The open circles at the origins correspond to X = H and were not included in the 
least-squares fits. Figure Reproduced from Ref 5. 
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The rationale behind this approach is that any stabilisation that is locally occurring from 
the H-X dimer is deemed to be due to the direct interaction with the unsubstituted ring. The 
benzene sandwich and benzene H-X dimer results correlated and both followed the same 
trends (Figure 5). While these results roughly agree with the HS model they infer a 
different mode of interaction.  
 
Wheeler and Houk subsequently carried out an experimental and computational study 
supporting a different mode of interaction using stereoselective Diels-Alder cycloadditions, 
with an electron rich stacking interaction transition state being favourable in comparison to 
the electron neutral.30  
 
Grimme et al. also highlighted the importance of dispersion forces with a series of 
computational studies on supramolecular structures including corannulenes and carbon 
nanotubes.31 It was concluded that to accurately describe π-stacking to the treatment of 
physical processes such as electrostatics, dispersion and exchange-repulsion needs to be 
balanced. However, the description of dispersion in DFT calculations can be problematic 
and can require remedy. 
 
Sherill performed an exhaustive set of calculations on benzene dimers, which predict that 
the most stable conformations are T-shaped and parallel offset dimers with intermolecular 
distances matching that of experimental data. These results determined that dispersion 
forces were the most stabilising contribution to the binding energy, but that electrostatics 
also perform a stabilising role.32 Subsequently Sherrill performed a study on a number of 
mono, di and tri substituted benzene dimers using symmetry-adapted perturbation theory 
(F-SAPT) which allowed the quantification of both HS and WH models in situ. It was 
shown that both WH and HS effects contribute but that WH effects dominate, and that both 
effects are additive with increasing substitution of benzene.27,29 
 
All these studies highlight how many different factors influence π-stacking though 
electrostatics, dispersion and direct interactions, however all computational studies 




1.2 Determination of Association Constants  
 
The way association constants and thermodynamic functions are determined is of the 
utmost importance. This can be performed by monitoring a characteristic change in an 
observable parameter as a function of complex formation, in the case of aromatic 
interactions these include subtle changes in 1H NMR, UV-vis, fluorescence and circular 
dichroism spectra, as well as changes in heat effects among others. Each technique has 
advantages and drawbacks, however before these can be discussed the stoichiometry of the 
interaction must be determined; and subsequently an appropriate mathematical model 
should be method applied.  
 
In classical host guest systems the supramolecular valency is absolute with different 
possible stoichiometries being dependent on the structure. For example in a 1:1 host guest 
system the host can only interact with a single guest, which is shown below in the fluoride 
receptor Sapphyrin reported by Sessler et al. (Figure 6).33 In these cases simple Job plots in 
conjunction with the structural data allows for confirmation of the stoichiometry. 
 
 
Figure 6 Sapphyrin Fluoride Receptor 
 
This concept is not applicable to D-A aromatic interactions due to the higher valency 
leading to a number of possible complexes. Higher aggregates are now accessible other 
than just the dimeric D.A ( Dn.Am m/n=1:2, 2:1…) (Figure 7). Due to these higher 
aggregates the methods such as Job plots are not sufficiently robust to explain the complex 
binding models involved.34 The mathematical model of supramolecular polymerisation, 
which allows for higher aggregates is best applied.35 Generally, this is modelled on single 
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monomer aggregation, however two component supramolecular polymerisation modelling 
is possible. Two part polymerisation accounts for the difference in speciation between each 
building block and allows for a thorough analysis of the stoichiometry and determination 
of the tacticity of the aggregate.36  
 
Figure 7 Pictographic representation of D-A supramolecular polymerisation 
 
Supramolecular polymerisation allows the determination of the degree of aggregation and 
relative distribution of these aggregates. Supramolecular polymerisation is either governed 
by a isodesmic or co-operative process (Figure 8). However, the different speciation must 
be taken into account in aromatic D-A interactions due to the possible arrangements 
















Figure 8 Schematic representation of a) isodesmic, b) co-operative self assembly mechanism of monomers. c) 
Schematic representation of the degree of aggregation versus concentration. Reproduced from Reference 35 . 
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Isodesmic polymerisation is governed by a single equilibrium constant Ke related to the 
elongation of the supramolecular polymer, which dictates the addition of each monomer to 
the aggregate. This addition is shown in Eq (1) where M is monomer and n its state of 







From Eq (1) an equation can be derived that shows the concentration of the aggregate (Eq. 
2).  
 
Mn =	Ke-1	(Ke M1 n	(2) 
	
This informs us that in order to obtain higher aggregates at low concentrations large 
equilibrium constants are required, or conversely with lower equilibrium constants higher 
concentrations are necessary.37 However, regardless of the magnitude of these parameters 
the monomer is always the most abundant species in number in isodesmic 
polymerisations.38  
 
While the co-operative mechanism is characterised by an activation step controlled by one 
equilibrium constant Kac, which then paves the way for further growth governed by another 
equilibrium constant Ke. These can be differentiated by behaviour over temperature or 
concentration ranges.35,37,39 Overall supramolecular polymerisation allows for a more 
comprehensive view of competing processes and allows for selecting the best model of 
interaction. 
 
Once the stoichiometry has been determined it is a case of fitting the mathematical model 
to the obtained data. Much of the data in this field is fitted using a 1:1 model due to its 
simplicity and is used throughout this thesis (Connors reported that one should assume 1:1 
stoichiometry and then look for evidence which contradicts it.40). The 1:1 model is derived 
from the basic definition of association Eq (3), where [H], [G] and [H.G] are the 
concentration of the host, guest and complex respectively; and we assume the solvent is 







If [H] is kept constant Eq (3) can then be solved for the fraction of [H] that is complexed. 
This re-arrangement is shown in  Eq (4), which is known as the standard binding isotherm 




It is possible to substitute [H.G] with the change in a physical property (ΔP) and [H]o with 
the magnitude of change in property of the pure complex (Po). Eq (5) can be fit to data 
through a method of guessing the initial Ka and then iteratively changing the Ka and Po 




UV spectra analysis of D-A interactions can be performed by directly monitoring through 
the absorbance of the CT band. However, this requires that the host, guest or both do not 
absorb in the same region as where the charge transfer is observed. If this is the case it 
allows us to disregard [H] from Eq. (3).  The Beer-Lambert law (A=εcl) is factored in and 
substituted into Eq (2) for [H.G] equation Eq (6) is obtained. It is also possible to take a 
double reciprocal of Eq (4) to give Eq (7) which gives a linear plot and when 1/ΔA is 
plotted against 1/[G] gives K as the slope; this is known as the Benesi-Hildebrand (BH) 
method.41,42 (Note: this is only valid if [H]o>>[G]o or both are UV silent.) 
 






l∆ε G oKa H o 	+
1
b∆ε G o 			(7)	
 
The BH method can also be applied to NMR data if required with ΔA substituted for 
Δδppm.43 The BH method has been subject to a number of modifications which are derived 
from Eq (7).44,45 This method and its subsequent modifications were used extensively in 
the 50s,60s and 70s before iterative fitting was available. However there are limitations to 
the BH method and its use has significantly decreased since iterative fitting has become 
widely available.34  
 
Classically the Van’t Hoff equation (8) is used to determine ΔH and ΔS by performing a 
binding experiment at various temperatures. Plotting ln K vs 1/T which gives a straight line 
with ΔH and ΔS calculated from the slope and intercept.41 Of note is that the Van’t Hoff 
analysis assumes that the entropy and enthalpy remain constant (thus the heat capacity=0), 








In the last 20 years with the greater availability of Isothermal Calorimeters, 
thermodynamic functions can now be determined directly and therefore more reliably. 
Furthermore, recent advances in the processing of this data allows for more detailed 
analysis.46,47 Also in comparison to UV-visible and NMR where more direct monitoring of 
the CT complex is monitored, in ITC the whole system is observed thus a more complete 
picture can be built. However certain limitations are found within ITC, such as the 
Wiseman parameter ‘c’ which is shown in Eq (9), where  Ka is the association constant and 
[M]t is the receptor concentration; n is the number of binding sites per receptor M.48 
 
c	=	nKa M t		(9)		 
 
It was generally considered that values of ‘c’ between 10-500 are optimal for curve fitting 
and low affinity systems, thus low ‘c’ systems were best studied by displacement assays. 
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However, more recent studies have shown that lower ‘c’ values (to 0.1) are acceptable with 
some caveats.49 Firstly, that simple binding models are best applied in low ‘c’ systems such 
as 1:1 models even when a complex mixture of aggregates is present, caution is used when 
interpretation of  ΔH values; finally that high signal to noise ratio is ideal thus larger 
equivalents used per injection.  
 
Fluorescence spectroscopy can be used if either quenching, or an increase in fluorescence 
emission is observed upon complexation. Fluorescence spectroscopy is particular useful 
due to its high sensitivity, which allows for nanomolar concentrations, meanings it is best 
utilised when determining larger association constants.34 Circular dichroism can also be 
utilised if the chirality and thus CD signal is induced or affected upon binding. In the case 
of protein ligand or DNA ligand binding, DSC can be employed to determine association 
by monitoring the melting temperature of a complex with varying amounts of ligand.50–52 
All the techniques presented are best utilised in conjunction and not in isolation. 
 
 
1.3 Solvent dependence of Aromatic Interactions 
 
In comparison to the mechanism of π-stacking, the solvent dependence of π-stacking is 
well established. Water has been used extensively in π-π D-A interactions for not only 
biological implications but also as the hydrophobic effect brings the aromatic moieties 
together and the D-A interactions are a positive additive force to an already favourable 
interaction. This is explained by the poor solubilisation of aromatic cores by water leading 
to the ‘burying’ of aromatic surfaces to minimise this high energy solvent, which possesses 
limited conformational freedom. With larger aromatic surfaces this effect is magnified. 
This has been exploited by Sanders et al. in studies regarding NDIs and DNs and in the 
synthesis of many interlocked structures templated by π-π D-A interactions.53,54  
 
While the solvophobic effect is well understood in water, as one moves into organic 
solvents it becomes less clear. When considering the solvophobic effect one must not only 
consider the polarity of the solvent but also its dispersive and cohesive properties.  
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In the 1950s and 60s a number of donor-acceptor complexes utilising 1,3,5-trinitrobenzene 
(TNB) were studied by optical methods. Foster and co-workers studied the association 
constant between TNB and a variety of mono and di N-alkyl anilines in a variety of 
solvents (Figure 9). Although the study was more focused on the influence of the side 
chain (which was proved to have little influence) a study was performed between N,N-
dimethylaniline and TNB in solvents ranging from cyclohexane to 1,1,2,2-
tetrachloroethane (TCE). Ka of 9.3, 8.2 and 0.2 M-1 were reported in cyclohexane, n-
heptane and TCE respectively.55 
 
 
Figure 9 Compounds studied by Foster and Thompson 
Thompson and co-workers studied the interaction of TNB with hexamethylbenzene 
(HMB), durene (DUR) and naphthalene in solvents ranging from chloroform to 
cyclohexane using optical methods (Figure 9 and Table 1).8,56 They determined that the 
strongest association was in cyclohexane followed by heptane, hexane and subsequently 
the chlorinated solvents. These results were also in agreement with a previous work by 
Foster and co-workers.57 
Table 1 Association Constants with TNB in M-1 by Thompson and co-workers at 20 oC.8,56 
Donor Cyclohexane n-Heptane n-Hexane CCl4 CHCl3 
HMB 17.50 ± 0.28 14.69 ± 0.20 15.41± 0.39 4.86 ± 0.18 0.90 ± 0.15 
DUR 6.02 ± 0.14 5.77 ± 0.19 5.30 ± 0.10 2.29 ± 0.07 0.97 ± 0.26 
NAP 9.15 ± 0.17 9.58 ± 0.17 7.82 ± 0.13 5.16 ± 0.07 1.82 ± 0.08 
 
Furthermore, the calculated ΔH of formation were similar and deemed independent of the 
solvent for each donor respectively. Of note is that the ΔH values were determined by the 
Van’t Hoff method and not directly measured.  The difference in association can be 




Foster performed a variable temperature NMR study of TNB with HMB and a number of 
donors to ascertain the thermodynamic parameters of the complexation in CCl4. The 
binding was found to be enthalpically driven and entropically unfavourable, however of 
note is that this was determined by the Van’t Hoff method and the ΔH was not determined 
directly.58  
 
There are examples of other non-aromatic D-A systems being studied using isothermal 
calorimetry. These involve pyridine/quinonline:I2  complexes among other less relevant 
systems such as (CH3)3SnCl:DMA in CCl4 and DMA:I2 in dichloromethane (Figure 10) .59–




Figure 10 L to R: quinoline:I2, (CH3)3SnCl:DMA and DMA:I2 
 
In 1990, Diederich et al. studied the effect of a variety of solvents from water to carbon 
disulfide on the free energy of complexation and binding constants of an electron rich 










A linear free energy relationship (LFER) was observed between polarity and association 
constant. The association was determined by 1H NMR or fluorescence titrations and 
decreased by a factor of 106 between water and carbon disulfide. Of note is that no 
aliphatic solvents were studied. Whilst this indicate that π-π interactions decrease with 
Figure 11 Cyclophane complexing pyrene Figure reproduced from Reference 16   
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polarity, it also must be taken into account that the aromatics studied are both electron rich. 
In this situation the solvophobic effect is dominant as the stacking interaction would be 
less favourable due to electron cloud repulsion between the two aromatic surfaces based on 
the HS model.  
 
To address the issue of the solvophobic effect masking D-A interactions another study was 
performed by Diederich. This again utilised an electron rich cyclophane, but instead of 
pyrene a range of electron poor and rich 2,6-disubstituted naphthalenes and 1,4-
disubstituted  benzene analogues were used (Figure 12).63  
 
 
Figure 12 Electron Rich cyclophane reproduced from Ref 63. 
 
However, all the interactions were studied in methanol and water rather than in a range of 
solvents with varying polarities. As expected electron poor aromatics associated the 
strongest in comparison to electron neutral and poor. 
 
This effect of higher association being observed in polar solvents was also observed by 
Iverson et al. in a study between NDI and 1,5-DNs as well as their homo aggregates. 1H 
NMR was employed in a range of solvents which also indicated a LFER relationship with 




Figure 13 Log K vs Et30 of NDI 1,5 DN complexes values from ref 19. 
 
The solvents ranged from water to chloroform in terms of highest to lowest polarity. It is 
worth noting that, while in water and 1:3 methanol:water mixtures the association constant 
of the D-A complex is an order of magnitude larger than the corresponding A-A complex 
this trend is not observed when moving towards increasingly non-polar media such as 
acetone and acetonitrile.   
 
Silber et al. studied the interaction between naphthalene and tetracyanoethylene (TCNE) in 
reverse micelles in n-hexane (Figure 14).64 
 
Figure 14 Tetracyanoethylene and Naphthalene 
A UV-vis study of the interaction between TCNE and naphthalene in n-hexane, chloroform 
and carbontetrachloride was performed. In all three solvents two new CT bands were 
observed in the UV-vis spectrum indicating a CT complex between the electron rich 
naphthalene and the electron poor TCNE. The association constants for the interaction 
























.1.07 M-1 in chloroform.64 While the association is low, it was found that higher association 
constants were found in more non-polar solvents indicating that one can exploit D-A 
interactions to build supramolecular assemblies in aliphatic solvents.  
 
This trend was further confirmed by Würthner and co-workers in a study of the 
aggregation of a variety of perylenediimides (PDIs) in solvents ranging from n-hexane to 




The trend was also seen in the Gibbs free energy values that in the extremes of the polarity 
scale the values of -∆G are higher while they reach a minimum in solvent systems with 
medium polarities (Figure 15). Another way to view this is the very polarisable solvents 
such as chloroform, DCM and DMSO solubilise the aromatic core efficiently thus leading 
to low association due to high dispersive forces. This trend was also observed in the 
binding constants as well as the free enthalpy change. The binding constants were several 
orders of magnitude larger in solvents such as methyl cyclohexane than in chloroform, 




1.5x107 M-1 and 2.6x102 M-1 respectively.65 PDI being an extended NDI system its 
behaviour is often symptomatic of NDI albeit with a higher association due its increased π 
surface.  
 
1.3.1 Non-Polar solvation 
 
In 2013 Otto published a study on the role of solvent cohesion in non-polar solvation of 
alkanes and noble gases utilising two parameters; the internal pressure (Pi) and cohesive 
energy density (ced) of the solvent as well as the Abraham scale.66 The internal pressure is 
a measure of how easily solvent molecules can accommodate a change in volume as when 
something is solvated. While the cohesive energy density is a measure of the cohesion 
between solvent molecules, thus the energy required to break any solvent-solvent 
interactions. A range of solvents ceds and Pis are shown in Table 2: 
Table 2 Ceds and Pis of various solvents values from Dack et al. 67 
Solvent ced (cal cm-3) Pi (cal cm-3) 
n-hexane 52.5 57.1 
Chloroform 85.4 88.3 
DMSO 168.6 123.7 
Methanol 208.8 70.9 
Ethylene glycol 213.2 128 
Water 550.2 41.0 
 
Rather unsurprisingly water is more cohesive then n-hexane (550.2 vs 52.5 ced cm-3) due 
to the extensive hydrogen bonding network, however they have similar Pis. Otto showed 
for solutes with a radius <3 Å the Pi was the determining factor as it represents how easily 
can the solvent accommodate the solute. While for larger solutes (R >3Å) the ced was the 
determining factor as it is dependent on the enthalpy gained from increasing dispersion 
forces outweighing the loss in solvent-solvent interactions.  
 
In 2013 Hunter published a series of papers on Van der Waals interactions in non-polar 
solvents; demonstrating that the minimum surface area and volume in the liquid state 
required for intermolecular interactions were 19 Å2 and 5 Å3 respectively; and that Van der 
Waals interactions increase linearly with surface area.68,69 Of interest was that, despite the 
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higher Van der Waals forces present in cyclic vs linear hydrocarbons, the energy to 
transfer one molecule between cyclic to linear hydrocarbon liquids was zero. This allows 
for a simple model of treating Van der Waals forces in liquids as surface contacts. Due to 
the competition between solvent and solute-solute interactions this could lead to the 
cancelling of Van der Waals contribution in intermolecular binding.68,70 
 
1.4 Naphthalenediimides, Benzodiimides, Dialkoxynaphthalenes, 
dihhydroxynaphthalenes in D-A Chemistry and Aromatic Interactions  
 
The choice of NDI as an acceptor in this project is due its versatility as a building block as 
both its electronic and structural properties can be tuned via core and N-substitution 
respectively. N-substitution is performed by condensation of NDA with a primary amine, 
which allows for solubilising NDIs within a variety of solvents by the modulation of the 
amine which leaves the chromophore of the NDI core unaffected; it is also possible to N-
desymmetrise NDIs with relative ease using microwave assisted synthesis, which allows 
for different functionalities to be appended.71 
 
 While core substitution is more challenging synthetically and generally requires very 
harsh conditions, it allows variation the electronic properties and thus UV-vis absorption of 
the NDI core (Figure 16).72  
 
Figure 16 Series of core substituted NDIs synthesised by Matile et al. and HOMO (bold) and LUMO (dashed) 
energies calculated in eV using maximal (vacuum) absorption (top) and emission wavelength (bottom) in nm. 
Figure reproduced from reference 72. 
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Matile et al. have shown this by synthesising a variety of core substituted NDIs in which 
the UV-vis absorption properties have been altered due to the electron donating or 
withdrawing properties of the appended group (Figure 16).73 This effect can be seen 
particularly when comparing the electron rich to poor substituted NDIs.  Core substituted 
NDIs also show significant solvatochromatic behaviour (Figure 17).74 
 
 
Figure 17 Core substituted NDI Solvatochromic behaviour (colour of NDI indicates colour in solvent) 
 
Matile et al. among others have shown the use of core-substituted  NDIs in anion-π 
interactions as anion  transporters and detectors.20,75–77 Core substituted NDIs have also 
shown significant use in molecular recognition, electron transport and  photoinduced 
electron transport.73,78,79  
 
NDIs have classically paired with dialkoxynaphthalenes  due to the good π-surface overlap 
and opposite quadrupolar moments, however there are examples of pyrenes as well as 











A classic NDI-DN system which utilised D-A interactions was a foldamer designed by 
Iverson et al. in which a polymer containing alternating NDI and 1,5-DN units adopted a 






Figure 18 Foldamer designed by Iverson et al. Figure reproduced from reference 80. Top chemical structure, 
bottom  diagramatic representation and X-ray crystal stucture of pleated stack. 
 
The polymer backbone was made up of flexible water soluble linkers, which formed in 
water a folded structure due to the hydrophobic effect, however the geometry was 
controlled by the D-A interaction between the aromatic cores rather than the hydrophobic 
effect exclusively.  
 
The effect on folding of the D-A interaction was investigated further by Iverson et al. in a 
study where water soluble trimers were synthesised with different combinations of NDI 
and 1,5-DN (Figure 19).81 
 




























It was found the folding always obtained a conformation in which face-centered stacking 
was observed between the NDI and 1,5-DN, which shows the alternating nature of NDI-
DN D-A interactions.  
 
The alternating face-centered nature of this interaction was again utilised by Reczek and 
co-workers in the self-assembly of tunable donor-acceptor mesophases.82–85 Both NDI and 
1,5-DN were appended with linear or branched alkyl chains (Figure 20).82 They were then 
melted together in the absence of solvent and found to self-assemble into columnar 
materials consisting of alternating stacks, which was confirmed by X-ray crystallography. 
The materials exhibited crystal, liquid crystal as well as isotropic liquid phases, the 
temperature of transition between these could be tuned choice of side chain. 
 
 
Figure 20 1,5 DN,NDI and bulk crystalline phases Figure reproduced from ref 83. 
 
When a chiral branched sidechain was used, this disfavoured the face-centered stacking 
upon crystallisation and separation of NDI and 1,5-DN was observed; this was indicated by 
a colour change from deep red to yellow indicating no CT complex present. This was not 
observed for the linear chains.82 A further study illustrated how the D-A interaction 
dominates in the mesophase if the side chains are mobile.83 However during crystallisation 
the side chain interaction became dominant, often ‘unstacking’ the aromatic cores. 
Furthermore, a range of dialkoxy and dialkyamino naphthalene cores were used, which 
allowed for tuning of the CT absorption band by variation of the HOMO-LUMO gap 
between the donor and acceptor moieties.84 Recently, organic thin films have been 
assembled from di, tetra and hexa alkoxy anthracenes and NDIs.85 It was found the tetra-
alkoxy anthracene gave the most intense CT absorption due to the core being more 
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constricted by the alkyl chains reinforcing the D-A complex. This material displayed 
dichroic behaviour with the CT absorption being dependent on the incident light (Figure 
21). Light parallel to the CT complex shows no CT absorption (off white, yellow) while 




Figure 21 LPL microscopy with I oriented perpendicular (b) and parallel (e) to the propagation direction of the 
films, 200× magnification. (g) (g) Normalized LPL absorption spectra of 3c·5 with polarization aligned parallel 
and perpendicular to the long-axis of the film Reproduced from Ref 85 
 
The theme of water soluble linkers with NDI and DN cores has been used in the work by 
Sanders et al. in the DCC mediated synthesis of catenanes and knots.86–91 In this work 1,5 
and 2,6-DN and NDI cores were synthesised with terminal cysteine residues, which then 
are free to exchange and formed various [2] and [3]-catenanes which were driven by the 
hydrophobic effect and D-A interactions between the two aromatic cores.90 In these 
studies, the structures where the aromatic cores are most effectively ‘buried’ predominate.  
 
The catenane synthesis could also be tuned be varying the length and chirality of the linker. 
However, it was found that the hydrophobic effect could partially dominate over D-A 
interactions with a range of D-A catenanes being formed not only limited to alternating 




Figure 22 Acceptor and Donor units and catenanes observed reproduced from ref 87 
This method was further utilised in the synthesis of catenanes, a Solomon link and trefoil 
knots(Figure 23).92,93 In these cases only dimeric or trimeric NDI containing building 
blocks were used. The formation of the trefoil knot was found to be driven by the 
hydrophobic effect.  
 
Figure 23 Trimeric NDI building block (A) HPLC trace at 1mM (B) HPLC trace at 5 mM (C) HPLC trace at 5 
mM with NaNO3 reproduced from ref 92 
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It was also observed the formation of the trefoil knot could be promoted by not only 
increased concentration but also by increased polarity by addition of NaNO3; other salts 
were added that showed this to be an effect of increased polarity and not templation.  
 
In addition to the  water soluble examples, Sanders and Stoddart have presented a number 
of rotaxanes and catenanes in organic media. Again D-A interactions are utilised as a way 
to control the structure and conformation of large interlocked rings. While binding 
constants are often not reported, catenanes still provide evidence for D-A interactions 
based on their conformation which is determined by either crystal structure analysis or 
NMR experiments. Switchable or bistable properties are also desirable due to the potential 
for molecular machines. 
 
In 1998 Sanders and co-workers synthesised a variety of NDI, BDI and DN containing 
catenanes. These were templated by D-A chemistry as a polyether DN macrocycle 
encapsulated an alkyne terminated BDI or NDI which was interlocked by CuCl2 catalysed 
coupling of alkynes (Figure 24).94  
 
 
Figure 24 Polyether linked Catenanes, reproduced from Ref 94 
 
Stronger binding of the NDI relative to BDI was observed and confirmed via a competition 
experiment which was unsurprising due to the larger π-surface. A series of modifications 
were made on this system by use of hybrid butadiyne and polyethylene DN macrocycle, 
the macrocycles synthesised could also be deformed using Co2(CO)6.95,96 It was also 
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possible to reduce the butadiynes using Pd/C and replace the DN core with 
alkoxybenzoates.97  
 
Sanders and co-workers then  synthesised a bistable pseudorotaxane using BDI, NDI and 
polyethylene glycol linked 1,5-DNs and lithium bromide to initiate the switching.98 The 
bistability was due to the DN’s preference to associate with the NDI when no cation was 
present and then preferentially bind with the BDI in the presence of lithium bromide 





Figure 25 Top: demonstration of switching in pseudorotaxane, reproduced from Reference 98. Bottom:Schematic 
representation of Bistable Rotaxane, Reproduced from Reference 99 
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Stoddart et al. then expanded on this system by synthesising a bistable rotaxane using 
BDI,NDI and polyethylene glycol linked 1,5-DNs (Figure 25).99 However the recognition 
is also due to hydrogen bonding as well as D-A interactions in this example.99 Both 
systems were studied in 98:2 chloroform:methanol. 
 
Pascu et al. then showed how the addition of metal cations can effect D-A interactions in a 
DN and NDI D-A pseudorotaxane, which used a cyclophane containing two DNs linked by 
polyethylene glycol units as a host (both 1,5 and 2,6 substituted DNs were used) and with 
NDI-hexyl as a guest.100 The 1,5-DN and NDI-hexyl formed a strong complex of a 
characteristic deep red colour for this system in CHCl3:Methanol (98:2). However it could 
also be altered to purple or orange by addition of alkali-metal cations, which is followed by 
UV-vis spectroscopy. It was found the donor-acceptor complex adopted specific 
geometries in solution (confirmation I and II Figure 26), both of which were present 
regardless of the presence of metal cations.100  
 
Figure 26 Two possible conformations of 1,5 DN with NDI determined by NoESY by Pascu et al. Figure 
reproduced from Reference 100  
 
However in the solid state conformation I was only observed in the absence of metal 
cations while conformation II only in the presence of metal cations.  For the 2,6-DN and 
NDI-hexyl the D-A complex only formed in the presence of metal cations. This indicates 
the stronger binding of 1,5-DN with NDI when compared to 2,6-DN in this system.100 
 
Stoddart and co-workers have also synthesised a number bistable rotaxanes utilising the 
redox behaviour of NDIs.101 They utilised the difference in redox potentials of NDI and 
BDI (-0.74V vs -1.06V) in conjunction with a stoppered chain with a DN macrocycle to 
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achieve bistability (Figure 27). The position of the macrocycle could be affected by 
electrochemical reduction of the NDI. This makes the BDI the better acceptor and thus 
binds the DN; this process is reversible upon oxidation and performed in DCM. It was also 
possible to reduce both acceptors and have no D-A complex present. Furthermore, cation 
induced switching was also possible via the mechanisms previously described. 
 
Figure 27 Bistable rotaxane synthesised by Stoddart and co-workers reproduced from ref 101. 
 
Stoddart and co-workers have expanded on this theme incorporating tertrothiafulvalene 
and paraquatphenylenes in the synthesis of subsequent catananes, rotaxanes and ring in 
ring complexes.102–106 
 
Colquhoun and co-workers have proposed a number of D-A systems that utilise NDI and 
BDI as part of a cyclophane in non-aqueous media for molecular recognition by a 
combination of aromatic stacking and hydrogen bonding.107,108 Almost all examples were 
exclusively studied in 6:1 CHCl3 hexafluoro-propan-2-ol. Firstly, in 2002 two cyclophanes 
containing NDI or BDI were synthesised (Figure 28). On addition of PAHs these then 
formed 1:1 charge transfer complexes with higher binding constants observed as the π-
surface increased, as well as the ability for hydrogen bonding.109 This is seen in the case of 
pyrene, which had a binding constant of 800M-1 in comparison to 2300M-1 of 1-
hydroxypyrene.   
 
 
Figure 28 BDI and NDI cyclophanes synthesised by Colquhoun and co-workers reproduced from ref 107 
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The cyclophane cavity was also found to contract by 14% from 8.19 Å to 7.08 Å between 
the unbound and bound in the case of the NDI cyclophane which was determined by X-ray 
crystallography. This work was subsequently expanded by the variation of donors and 
solvents using the same sulfone NDI macrocycle in an ‘induced fit’ model. It was found 
that using TFA as a co-solvent rather than hexafluoro-propan-2-ol gave stronger 
complexation. This was attributed to stronger hydrogen bonding with the imides leading to 
a better acceptor.108 
 
The first ‘tweezer’ was based on NDI interacting with a 1,3-diamide substituted benzene 
capped with pyrene appendages (Figure 29), it exhibited high complementarity (D-A 
interactions plus two hydrogen bonds) with very high Ka (24,000 M-1).110 The D-A 
interaction was confirmed by the red colour observed in a 1:1 mixture of the electron rich 
and deficient moieties indicating CT. This was further supported by a crystal structure of 




Figure 29 Tweezer Type Structure reproduced from Ref 110 
 
In a second report the NDI is retained, however its association with DNs as well as other 
polycyclic aromatics are studied in 6:1 CHCl3 or CH2Cl2 mixtures with TFA or 
hexafluoro-propan-2-ol. In this case the binding constants are between 25-40 M-1, which is 
expected as it is only 1,5-DHN and 2,6-methoxy-DN so there are no side chain or 
hydrogen bonding interactions as in their previous publication.108 In both cases the solvent 
environment of these studies is relatively polar due to the presence of the hexafluoro-
propan-2-ol or TFA. 
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Stoddart’s group used ‘ExBox4+’ as a scavenger for PAHs. ExBox4+ has dimensions of 3.5-
11.2 Å and is able to form a variety of D-A complexes with a wide range of PAHs from 
azulene to coronene (Figure 30).111  Binding affinities were dependent on the number of π-
electrons and the shape of the PAH. Higher binding affinities were associated with an 
increasing number of π-electrons, which is unsurprising as this generally results in a larger 
pi overlap. However the shape of the PAH also plays a significant role as exemplified by 
tetraphene and chrysene displaying lower binding affinities (0.914 and 2.32 M-1, 
respectively) then pyrene, which despite possessing the same number of π-electrons, had a 
binding affinity of 7.16 M-1. When the PAH is too large to fit entirely in the ExBox4+ it 
arranges itself within the cavity so that there is the largest possible overlap of π-surface, 
thus maximising the binding affinity.  
 
 
Figure 30 ExBox Scavenger and variety of crystals formed reproduced from Ref 111. 
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While the larger PAHs formed 1 : 1 crystal complexes with ExBox4+, the smaller PAHs 
like pyrene and below were found to form 2 : 1 complexes with ExBox4+, with the second 
PAH binding outside the ExBox4+ through C–H-π interactions. The scavenger was then 
also used to effectively isolate PAHs from crude oil. 
 
Also of note is Colquhouns and Hayes work in the field of self-healing polymers. Two 
separate polymers were synthesised one containing NDIs and the other was a pyrene 
capped polyamide (Figure 31).112 
 
 
Figure 31 PolyNDi and Pyrenyl capped polyamide 
 
These were then mixed in 6:1 CHCl3:hexafluoro-propan-2-ol mixture which produced a 
dark red solution. A film was then dropcast from this solution, the film was found then to 
be able to self-heal above 80oC.112 This took advantage of the reversible nature of the π-π 
D-A interactions between the NDI and pyrene moieties. The healing was possible due to 
the D-A interactions being broken and then reformed as the sample was cooled; this 
healing was found to be highly efficient. Furthermore it was found by addition of cellulose 
nanocrystals the tensile modulus could be increased 30 fold relative to the non-doped 
material and the self-healing properties were retained.113 
 
Each CT complex formed between NDI and DHN or DN isomers has a specific colour 
when forming a CT complex with NDI due to the variation in HOMO-LUMO gap. This is 
illustrated by Shinkai et al. who developed a DHN recognition device where the NDI was 
used to form gels with a variety of DHN’s and a range of coloured gels dependent on the 
isomer of DHN were observed in cyclohexane (Figure 32).114   
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Figure 32 NDI Gelator chemical stucture and CT complex colours of various DHN isomers  
 
The recognition and colour was concluded to be mainly due to the hydrogen bonding but 
also the solvophobic interactions and the D-A interactions. In these gels only DHNs 
formed CT complexes due to the hydrogen bonding present within the gel between the OH 
of DHN and to the imide of the NDI, which can hold the two aromatic cores in close 
proximity thus allowing the formation of the CT complex. When dimethoxy-DNs were 
used gels were formed although no CT complexes were formed, which was due to their 
inability to form hydrogen bonds. Thus in this case the D-A interactions alone are not 
strong enough to drive the molecular assembly towards a HOMO-LUMO mixing. A CT 
complex can only  be obtained when all three interactions: hydrogen-bonding,  
solvophobic and D-A are present.114   
 
Another similar series of D-A gels were designed by Ghosh et al. In this case the DNs used 
had hydrogen bonding moieties with different length linkers and solubilising side chains 
appended to them (Figure 33).115 CT complexes were observed on initial mixing to form 
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gels in methylcyclohexane (MCH) and TCE, however after time (>6 hours) the gels 
became colourless. This was due to the kinetics of the CT complex being faster than that of 
the self-sorting hydrogen bonding, which means over time the gel rearranges to the more 
thermodynamically stable hydrogen bonded arrangement. While the time taken for this 




Figure 33 Chemical structure of NDI and DN gelators 
 
Ghosh and co-workers subsequently presented a gel exhibiting both D-A and hydrogen 
bonding interactions by utilisation of amide side chain functionalised NDI and Pyrene 












Figure 34 Donor acceptor gelators reproduced from Reference 116 
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In comparison to previous systems the CT was still preserved after the H-bonding network 
had formed. A Ka of 1.1 x 103 M-1 was observed, confirming the presence of both 
interactions. This was considered a viable molecular recognition pair, which was not 
possible using H-bonding or D-A alone.  
 
1.5 Conclusions 
In summary, the two dominant theories of π-π stacking have been discussed and evaluated, 
with the HS model utilised for this thesis as it  currently best predicts and describes 
aromatic interaction chemistry in solution. Furthermore, the process of effectively studying 
these interactions from the determination of stoichiometry to their binding constants has 
also been shown. Finally, how aromatic interactions have been utilised firstly in non-polar 
environments, and then more generally using NDI and DN moieties has been explored. 
Particular highlights are the studies by Würthner and co-workers showing the Gibbs free 
energy of aromatic interactions doesn’t follow a LFER with polarity (XR), as well as 
studies by Reczek and co-workers illustrating the strong influence sidechains can have 
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Chapter 2  
 
Aromatic Interactions in non-polar environments  
 
Presented herein is a detailed analysis of D-A and A-A interactions between 
Naphthalenediimide and Dialkoxynaphthalenes in a number of non-polar 
solvents. Their strength and the thermodynamic functions that govern their 
assembly are evaluated. These are elucidated by the use of isothermal 
calorimetry along with 1H and VT NMR and UV-vis spectroscopy; which also 





































Aromatic D-A interactions have been used extensively in a variety of fields.1–9 While there 
are significant examples of the utilisation of non-polar environments, the majority of 
examples utilise polar solvents. The aim of this project was therefore to comprehensively 
evaluate D-A interactions in a number of non-polar solvents by a variety of analytical 
methods and determine their suitability for the assembly of supramolecular architectures. 
We were especially interested in long chain hydrocarbons which constitute the main part of 
lubricants, as well as heptane which is used as a lab model of a lubricants and fuels. We 
employed NDI and DN for this study as they are an archetypal D-A system due to their 
ubiquity within supramolecular architectures, which would allow facile comparison to the 
literature. 
 
2.2 Results and Discussion 
 
2.2.1 Solubilisation of aromatic cores and initial 1H-NMR titrations 
 
The first part of this project was to solubilise the aromatic cores in heptane above 1 mM. 
This is desirable for a range of analytical techniques and as a mimic for lubricants and 
fuels. The NDI core would be more challenging to solubilise due its well established 
propensity for self-aggregation. We proposed N-substitution for the NDI rather than core-
substitution due to the more facile synthesis and the availability of a number of primary 
amines, as well as  to maintain the electronic properties of the NDI.10 This was performed 
by condensation of NDA with a corresponding primary amine under microwave assisted 
conditions to form the desired NDI in good yields. Firstly 2-ethylhexyl and dodecyl alkyl 
chains were appended however these were found to not to be sufficient for solubilising the 
NDI at the desired concentrations in heptane. However, Tomamine PA-17 an ether linked 
and branched amine gave 3, which possessed the desired solubility and was synthesised in 







Figure 1 NDI Synthesis 
 
We also intended to use the same solubilising sidechain on the DN in order to eliminate the 
influence of sidechain interactions when comparing homo- with hetero-aggregates. To 
append alkyl chains to the DN core, alkyl bromides were refluxed with 1,5 or 2,6-DHN to 
produce 4 and 5 in good yield (Figure 2). However when first attempted the reaction was 
performed in air which lead to the partial oxidation of DHN, thus giving undesired 
products. The reaction therefore needed to be carried out under inert atmosphere (N2). It 
was found that the reaction produced mono and dialkylated products when using 2 
equivalents of bromide. Increasing the amount of bromide to 6 equivalents compared to the 
DHN gave only the dialkylated product, the excess bromide present in the crude product 
could be removed under reduced pressure. Sonication of the reaction solvent prior to the 
reaction appears to inhibit oxidation, which is probably due to the expulsion of any air 
dissolved in the solvent. The product was initially isolated by column chromatography, 
however this is no longer required after replacing the sat NaHCO3 wash with a 10% KOH 
wash in the work up; which allowed for an easier isolation of clean product. Both 4 and 5 
possessed the desired solubility in heptane. 
 




Given our desire to study aromatic cores with identical sidechains we performed an initial 
NMR titration of 1•4 in 5:1 heptane:chloroform-d at 10 mM concentration of 1 (Figure 3), 
of note was that even at this ratio 1 was not completely soluble. However, upon addition of 




Figure 3 NMR Titration of 1•4 in 5:1 Heptane:Chloroform-d 298K. 10 mM solution of 1 however some 
precipitation observed 
 
The data was fit with a 1:1 binding model for simplicity, this experiment gave initial proof 
that these interactions are present in relatively non-polar media however it was far from 
ideal due in part to the insolubility of 1 and the use of chloroform (This equation is used 
multiple times in this chapter to fit titrations, for a more detailed discussion of this model 
see Chapter 1 pages 19-20). Despite the mismatch in sidechain another NMR titration of 
3•4 was performed in 15:1 heptane:chloroform-d to observe the effect of a more non-polar 




Figure 4 NMR Titration of 3•4 in 15:1 Heptane:Chloroform-d 298K. 10 mM solution of 3 
 
Surprisingly, 3•4 showed lower association constants of 4.4 vs 13.6 M-1 for 1•4, which was 
attributed to side chain interaction as the lone pair of the oxygen in tomamine may disrupt 
the alignment of the side chains; thus disrupting the overlap of NDI and DN cores. In 1•4 
matching side chains may allow for better alignment and packing of the sidechains 
allowing for more favourable Van der Waals interactions; which in turn reinforces the CT 
complex. This behaviour has been observed by Reczek and co-workers with NDI and DNs 
in mesophases.11 To confirm this hypothesis 3•4 was titrated into 5:1 heptane:chloroform-
d; a Ka of 5.0 M-1 was determined which is consistent with the proposed influence of the 
sidechain (See experimental). These studies highlighted the need for matching sidechains 
when studying aromatic D-A interactions.  
The influence of the sidechain on association led to an attempt to synthesise a tomamine 
appended DN. N,N-1,2-Benzenedisulfonylimides can be used as a leaving group for 
nucleophilic substitution.12 N,N-1,2-Benzenedisulfonylimides are synthesised by reaction 
of a primary amine with 1,2-benzenedisulfonylchloride at high dilution and added over a 
long period of time to avoid the diamide formation.  A mixture of compounds (6 and 7) 
were synthesised when attempted with tomamine i.e., despite the slow addition of the 
disulphonyl chloride reagent over 72h, 24h longer then the literature advised (Figure 5). 





Figure 5 Attempted synthesis of Tomamine Benzenedisulfonylimides 
 
In addition to these efforts the synthesis, of a tomamine analogue was also initiated.  The 
addition of bromopropionitrile to farnesol and its hydrogenated analogue was carried out, 
however the desired product was not formed (Figure 6). In every case the solution went 
from clear to orange, the optimisation and conditions attempted are shown in Figure 6 (all 
reactions were performed at reflux). Of note is that by LC-MS, the 24h acetonitrile NaH 
reaction indicated the presence of a polymer, however the 1H NMR spectrum was 
inconclusive 
 
Figure 6 Attempted Synthesis of Bromopropionitrile derivatives 
Base Solvent Time (hours) Starting material 
K2CO3 Acetone 8 
Hydrogenated 
farnesol 
K2CO3 Acetonitrile 24 
Hydrogenated 
farnesol 
K2CO3 Acetonitrile 48 
Hydrogenated 
farnesol 
NaH Acetonitrile 24 Farnesol 
NaH Acetone 48 Farnesol 




Bromoacetonitrile was also used instead of bromopropionitrile, however no product was 
observed.  
 
Given the drawbacks of this approach, the synthesis of another solubilising chain was 
started. The synthesis started from 2-octyldodecanol which was converted to the amine via 
the Gabriel synthesis by bromination or mesylation at which point the chain could be 
directly appended to the DN, or further reacted  to the pthalimide which can be converted 
to the amine using  hydrazine (Figure 7).13,14 The conversion of 2-octyldodoecanol to the 
bromide was initially employed however this was later discontinued and the mesylate used 
instead as it required no column purification and gave comparable yields, this change did 
not affect the remaining synthetic steps (Figure 7). This synthetic pathway proved 
extremely successful and scalable to multi-gram quantities.  
 
Figure 7 reaction conditions: a) Br2, PPh3, THF, 3h, 89% b) MsCl, NEt3, DCM, 48h, 97% c) Potassium 
phthalimide, 90 °C, 18h, 84% d) H4N2, EtOH, reflux, overnight, 96% e) NDA, DMF, 140 °C, 30 min, 94% f) 1,5- 
or 2,6- dihydroxynaphthalene, K2CO3, MeCN, reflux, 24h followed by c), yield over two steps 47 or 50% for the 
1,5- and 2,6- derivative, respectively. 
 
The synthesis of alkyl appended DNs had to be altered from previously described (Figure 
2). Due to the high boiling points of 8 and 9, their high lipophilicity and the large excess of 
8 made the purification of the desired products impossible using standard chromatographic 
methods as 8 could not be visualised on TLC and its r.f. value was very similar to that of 
12 and 13. Therefore the crude mixture was reacted with potassium phthalimide so a 
mixture of 12 and 10 was formed, which was separable by column chromatography. This 
process was efficient as no 10 was wasted in the synthesis of 12 or 13 even though it was 
56 
 
used in a large excess. Compound 10 could then be used to form more amine, necessary for 
the synthesis of 14. Crucially the 2-octyl-dodecyl chains proved successful in solubilising 
the NDI and DN cores up to and exceeding 110 mM in heptane.    
 
2.2.2 Variable Temperature 1H NMR  
 
To initially probe the D-A interaction between our aromatic cores a series of VT 1H NMR 
experiments were performed, the resulting data was then fit with two different 
mathematical models: a dimerization model and a supramolecular polymerisation model.15–
17 In comparison to previous 1H NMR studies these were performed in heptane : octane-d18 
: 1,1,2,2-tetrachloroethane (TCE) 95.1 : 4.8 : 0.1. This solvent mixture was employed due 
to the high cost of octane-d18 , but crucially it still contained enough deuterated solvent for 
the spectrometer to lock on to during the experiment; while TCE was used as an internal 
standard to calibrate the chemical shift. The VT studies were performed from 238 to 348K; 
the spectral width was then set to scan from 4-12 ppm to mitigate the excess of heptane 
and obtain usable spectra. The relative change in shift (ppm) of the aromatic core is then 
plotted against the temperature.  
 
Firstly 12 and 14 were studied individually at 5.5 mM to establish if any self-aggregation 
behaviour was occurring. NDI 14 showed a relative shift of 0.1 ppm from 238 to 348K 
indicating some self-aggregating behaviour while 12 remained unchanged throughout 
indicating no self-aggregation (Figure 8). NDI 14 was then mixed in a 1:1 ratio with either 
DN 12 or 13 over a range of concentrations (5.5-55 mM) to ascertain the concentration 
dependence of aggregation. All the solutions turned a characteristic deep red colour apart 
from the 5.5 mM which was noticeably lighter indicating less CT complexation present 
(Data obtained from this solution was only able to be fitted using the isodesmic model). 
The first observation when studying the mixtures was the much greater shift in the 
aromatic protons over the temperature range compared to the single compounds. Of 
interest is that the proton para to the alkoxy group of 12 is most affected by the D-A 
interaction, which is most likely due to the relative geometry of the NDI and DN in the CT 




A very important caveat here which affects both models is the fact that the observed shift 
in ppm of the NDI or DN core protons is the average of the shift from the self-aggregation 
and the NDI-DN aggregation. This effect will be additive and VT 1H NMR cannot 
disambiguate between the two. Therefore, one would expect more favourable values in the 
thermodynamic functions derived from the shift of NDI 14 compared to those from DN 12 
due to the higher self-aggregation of 14 in contrast to 12.  
 
 









The data presented in the plots of the shift of the aromatic protons against the temperature 
were then fit with a dimerization or supramolecular polymerisation model. For 12 and 13 
the most deshielded proton was used for this analysis, while in 14 the aromatic protons are 
a singlet, which therefore was used in the fitting.  
 
The dimerization model allows for the estimation of the dimerization constant from the 
rate of change in shift between the dimer (expected at 233K) and monomer (expected at 
348K).15 CSM = chemical shift monomer, CSD = chemical shift dimer, c = initial 
concentration assuming that all material is present in the monomeric form, CSO = 
chemical shift observed, x = concentration of the dimer at equilibrium, K = equilibrium 
constant, were used in the equations that can be defined to describe the equilibrium. 
 
                                                     2 M                D 
Initial concentration                         c                                   0 
Concentration at equilibrium       c-2x                                   x 
 
CSO = CSM (c -2x)/c + 2 x CSD/c (1) 
x = c (CSO-CSM)/[2 (CSD-CSM)] (2) 
K = x / 2(c -2x) (3) 
Figure 10 Equations governing dimerization model.15 
Using this data it is possible to construct a Van’t Hoff plot to determine the 
thermodynamic functions. In all cases the chemical shift of dimer did not allow for a linear 
plot, therefore the initial value for the dimer was estimated then adjusted to allow for the 






Figure 11 Van’t Hoff plot from 41.25 mM solution of 12•14 following signal of 14 in 20:1 heptane: d18-octane 
solvent mixture 0.1% TCE. 
In the cases of the 5.5 mM 12•14 solution and the 5.5 mM 14 solution the mathematical 
model did not fit the data sufficiently well to achieve acceptable r2 values (r2  > 0.99 ) 
(Figures 12-14). The solution of 14 was analysed (Figure 11), however as 12 showed no 
significant shift over the observed temperature range it was not subjected to this analysis.  
 
Figure 12 Van’t Hoff plot from 5.5 mM solution 14 in 20:1 heptane: d18-octane solvent mixture 0.1% TCE. 
The analysis of the 5.5 mM 14 solution gave a ΔH o of -32.63 KJ mol-1, ΔS o of -125.2 J K 
mol-1 and a ΔG o of +4.68 KJ mol-1. This suggests the dimerization process of 14 is 
unfavourable which is surprising; however as the r2 value was not acceptable this must be 
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interpreted with caution. The collated data from the mixtures of 12•14 is shown in Tables 1 
& 2. 
 
Figure 13 Van’t Hoff plot from 5.5 mM solution of 12•14 following signal of 14 in 20:1 heptane: d18-octane solvent 
mixture 0.1% TCE   
 
 
Figure 14 Van’t Hoff plot from 5.5 mM solution of 12•14 following signal of 12 in 20:1 heptane: d18-octane solvent 









Table 1 Thermodynamic Data of 12•14 complexation when observing protons from 12 (dimerisation model) * 
unacceptable r2 value 
Concentration (mM) ΔH o (KJ mol-1) ΔS o (J mol-1 K-1) ΔG o (KJ mol-1)(298K) 
5.5* -26.78 ± 1.61 -145.3 ± 5.8 16.52 ± 0.12 
16.08 -39.17 ± 0.75 -114.6 ± 1.0 -5.02 ± 0.02 
26.80 -33.45 ± 0.20 -97.9 ± 0.7 -4.26 ± 0.01 
41.25 -37.49 ± 0.37 -114.2 ± 1.3  -3.46 ± 0.02 
55.00 -24.96 ± 0.93 -126.2 ± 3.0 12.65 ± 0.04 
 
Table 2 Thermodynamic Data of 12•14 complexation when observing protons from 14  (dimerisation model) * 
unacceptable r2 value 
Concentration (mM) ΔH o (KJ mol-1) ΔS o (J mol-1 K-1) ΔG o  (KJ mol-1)(298K) 
5.5* -18.69 ± 0.67 -55.6 ± 2.6 -2.12 ± 0.10 
16.08 -29.58 ± 0.75 -86.3 ± 2.7 -3.87 ± 0.04 
26.80 -37.45 ± 0.59 -108.0 ± 2.1 -5.27 ± 0.02 
41.25 -44.64 ± 0.39 -134.1 ± 1.4 -4.69 ± 0.01 
55.00 -47.26 ± 0.84 -142.5 ± 2.8 -4.79 ± 0.03 
 
The fit of the mathematical model to the data obtained from the 5.5 mM of 12•14 solution 
did not have acceptable r2 values. The obtained values of ΔH o and ΔS o vary greatly when 
observing the protons from 12 or 14, furthermore the ΔG o  of 12 being clearly anomalous. 
All of which suggests that the dimerisation model does not accurately represent the 
behaviour of 12 and 14 at 5.5 mM. For the other concentrations the variation in ΔH o 
values between 12 and 14 for the same concentrations is expected due to the self-
aggregation argument described earlier, however the 16.08 mM solution exhibits the 
opposite to the expected behaviour. The values for ΔS o are in good agreement for both 12 
and 14, however the entropy is expected to increase not decrease as the solvent molecules 
that were solvating the aromatic surfaces are released into the bulk solution. The 
discrepancy in ΔH o is not significant enough to manifest itself in the ΔG o with good 
agreement between 12 and 14 derived values. (ΔG o value for 12•14 at 55 mM from 12 is 
clearly anomalous) The dimerisation model only allows for 1:1 complexation and due to 




The isodesmic polymerisation model was employed as it allows for higher aggregated 
species and it gives an insight into the degree of self-aggregation of 14 as well 12•14 and 
13•14 mixtures.16,17 Firstly, the single compound experiments 12 and 14 at 5.5 mM were 
studied. As stated previously DN 12 showed little change over the temperature range 
indicating that no self-aggregation occurs. In contrast NDI 14 exhibited typical Isodesmic 
behaviour which was confirmed by the good fit of the Boltzmann equation to the 
experimental data. It was then possible to use a speciation model based on the isodesmic 
polymerisation fit of the data, which gives the degree of aggregation. The specific 
equations relating to the isodesmic and speciation model and can be found in Chapter 5 
pages 140-141. This indicated that at room temperature the majority of material exists as a 
monomer 85% with 13% dimer, 2% trimer or larger oligomers (Figure 15).  
 
 
Figure 15 Top: Relative distribution of 14 5.5 mM at 298K in 20:1 heptane: d18-octane solvent mixture 0.1% TCE 




























The model of isodesmic polymerisation not only gives the relative distribution of the 
compound but also the thermodynamic functions governing the process. The collated data 
is shown in tables 3 and 4 calculated from the shift of 12 or 13 and 14. The 55 mM 
solution of 12•14 only the signal of 14 was produced an acceptable fit (Figure 16). This 





Figure 16 Sigmoidal Fit of 12 and 14 from 55.0 mM 12·14 VT-NMR 
 
 










ΔH (KJ mol-1) ΔS (J mol-1 K-1) ΔG (KJ mol-1) 
5.5 
12 -16.93 -43.62 -3.93 
14 -15.11 -35.24 -4.61 
16.08 
12 -23.65 -62.28 -4.79 
14 -26.80 -72.11 -5.32 
26.90 
12 -23.88 -65.49 -4.37 
14 -28.30 -77.79 -5.13 
41.25 
12 -19.93 -55.68 -3.36 
14 -24.18 -66.50 -4.37 
55.0 14 -15.66 -43.28 -2.76 
 






ΔH (KJ mol-1) ΔS (J mol-1 K-1) ΔG (KJ mol-1) 
13.75 
13 -4.76 1.42 -5.18 
14 -22.32 -56.88 -5.36 
27.55 
13 -18.24 -45.22 -4.77 
14 -29.42 -79.35 -5.77 
41.25 
13 -20.08 -51.70 -4.65 
14 -24.94 -66.32 -5.17 
55.00 
13 -31.62 -93.55 -3.75 
14 -31.49 -93.05 -3.76 
 
In all cases complexation is enthalpically favourable as two opposite partial charges are 
being brought in close proximity through the face centered stacking interaction, and 
entropically unfavourable as order is being brought into the system as the aromatic stacks 
are being formed and desolvation isn’t accounted for. The discrepancy in ΔH between the 
NDI 14 and DN (12 or 13) moieties is most likely due to the previously discussed self-
aggregation of 14. Interestingly the increase in ΔH of 14 in all cases is compensated for by 
a loss in entropy compared to 12 or 13, which consequently leads to good agreement in ΔG 
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values. Furthermore, the decrease in ΔG at higher concentrations is surprising as one 
would expect the opposite. For simplicity we used the 1:1 complex as the ‘monomer’ in the 
Isodesmic polymerisation model. Two-part supramolecular polymerisation was not 
considered as the face-centered alternate stacking of NDI-DN systems is well established. 
Furthermore, NDI 14 is predominantly exists in a monomeric state and DNs 12 and 13 
show no self-aggregating behaviour and thus would contribute very little or not at all in a 
two part supramolecular polymerisation model.   
 
 
Figure 18 26.9 mM 1:1 12·14 Aggregation states at various temperatures in heptane : octane-d18 : TCE  95.1 : 4.8 : 
0.1 determined from 14 data 
 
In the case of 12•14 at 26.9 mM at 298K 72% of the material existed as the 1:1 complex, 
22% as 2:2 species, 5% as 3:3 and 1% as higher oligomers. As can be seen from figure 18 
the degree of aggregation decreases with increasing temperature. This behaviour was 































Table 5 Relative Distributions of material for 12·14 and 13·14 by the Isodesmic polyermisation model at 298K in 
heptane : octane-d18 : TCE  95.1 : 4.8 : 0.1 
Concentration (mM) 1:1 (%) 2:2 (%) 3:3 (%) ≥4:4 (%) 
(12·14) 5.5 94 6 0 0 
(12·14) 16.08 79 17 3 1 
(12·14) 26.90 72 22 5 1 
(12·14) 41.25 70 23 6 1 
(13·14) 13.75 81 16 2 1 
(13·14) 27.55 66 25 7 2 
(13·14) 41.25 64 26 8 2 
(13·14) 55.00 69 24 6 1 
 
The dominant species is the 1:1 complex even in the more concentrated solutions where 
increased aggregation is observed, (Table 5) This suggests a 1:1 model could be 
appropriate when analysing these solutions.  
 
Following on from the VT data, UV spectra were recorded of the VT-NMR samples to 
quantify the CT band; as previously stated the solutions were red. The UV-vis spectra of 
the 55 mM solution show a new band is evident when the components are mixed in a 1:1 
ratio from 580-420nm in comparison to the individual components (Figure 19). The CT 




Figure 19 Spectra of 55 mM solutions of 12 ,14 and 1:1 Mix in heptane : octane-d18 : TCE  95.1 : 4.8 : 0.1 298K. 
Normalised at 800 nm 
 
 
Figure 20 UV-vis Spectra of 16.08, 26.80, 41.25 and 55.00mM 12·14 solutions 20:1 heptane: d18-octane solvent 











2.2.3 1H NMR, UV Titrations and Isothermal Calorimetry 
 
The experiments described in the earlier part of this chapter have elucidated the 
stoichiometry. A new set of experiments based on NMR, UV-vis and ITC titrations were 
performed in order to quantify the interaction between NDI 14 and DN 4,12 and 13 
respectively. DN 4 was studied to investigate whether the length of the sidechain and any 
Van der Waals interactions between them could affect the association. Dilution 
experiments were carried out via 1H-NMR and ITC but not by UV-vis spectroscopy 
because of the high extinction coefficients of the aromatic cores which prevents accurate 
analysis of solutions with concentrations higher than 1 mM for 14 and 0.5 mM for 12 and 
13. While 1H-NMR only observes the environment of the aromatic protons we wished to 
study and UV-vis directly monitors the formation of the CT complex both do not allow for 
analysing the role of the solvent and obtaining all the thermodynamic functions (Figures 21 
and 22). ITC is a more direct technique which encompasses the whole system by observing 
the change in heat at each injection of titrant, thus including the role of solvent, however at 
loss of specific data related to the aromatic protons and CT formation. However not all 
heat effects are due to the interaction between the host and guest and the enthalpy of 
dilution of these must be taken into account when analysing ITC data (Figures 23 and 24). 
The combination of all these techniques allows one to build a complete picture of aromatic 





Figure 21 Top: 1H NMR titration of 13 and 14 (25 mM) spectra at 0, 0.5, 1, 2, 3 equiv. of 14. With increasing ratio 
of 13, the aromatic proton signal of 13 moves upfield while the signal corresponding to Hb and to a lesser extent of 
Ha of 12 shifts downfield. Studied at 298K in heptane : octane-d18 : TCE  95.1 : 4.8 : 0.1Bottom: Fit of NMR 























Figure 22 Top: UV-vis Titration spectra carried out in heptane at 25 oC, initial concentration of 14 25 mM with 
increasing amounts of 12,. (Blue =0, green = 1 and red = 3 equiv. of 3). Bottom: Fit of Fit of UV-vis Titration of 






Figure 23 Dilution of 110 mM 14 into Heptane at 296K 
 
 
Figure 24 Titration of 375 mM 12 into 25 mM 14 at 296K 
 
Table 6 Self-association constants between the individual donor and acceptor molecular and the association 
constants between the donor and acceptor pairs 
Compound Ka NMR (M-1)b Ka UV (M-1)c Ka ITC (M-1)c 
14 3.4 ± 1 n/a 1.7 
12 < 1 n/a < 1 
13 < 1 n/a < 1 
12•14 8.3 +/- 0.2 4.2 +/- 0.3 11.5  
13•14 6.0 +/- 0.3 4.9 +/- 0.3 11.3  
4•14 6.9 +/- 0.9 2.4 +/- 0.3 6.1  
Single compound dilutions carried out at 25 oC. b The most downfield peak was monitored over a 25–3.6 mM 
conc. All the titrations used heptane : octane-d18 : 1,1,2,2-tetrachloroethane 95.2 : 4.8 : 0.1 as solvent. c Minimum 




The 1H-NMR experiments (25 mM initial NDI concentration) indicated the presence of a 
significant interaction between the donor (DN) and the acceptor (NDI) cores with 
association constants determined for 12•14, 13•14 and 4•14 of 8.3 ± 0.2, 6.0 ± 0.3M-1 and 
6.9 ± 0.9M-1, respectively. The change in chemical shift on the NDI and DN aromatic 
protons is consistent with a face-centred stacking interaction (Figure 21). These results also 
show that there is little or no geometrical preference or side chain influence for association 
as all DNs show similar Ka in their interaction with 14. This was further confirmed by UV-
vis spectroscopy (Figure 22), since the charge transfer band formed at 515 nm can be 
monitored at high concentrations (≤ 55.5 mM) allowing the determination of Ka of 4.2 ± 
0.3 M-1, 4.9 ±  0.3 M-1 and 2.4 ±  0.3 M-1 for 12•14, 13•14 and 4•14 respectively (Table 6).  
 
A similar trend was observed by ITC, where association constants of 11.5, 11.3 and 6.1 M-
1 were determined for 12•14, 13•14 and 4•14 respectively. Of interest was the ITC on the 
dilution study of 14 in heptane; this showed an increase in power output upon injection of 
14 which indicates an endothermic process (Figure 23). When 12 or 13 was titrated into 14 
an exothermic process was observed, which was consistent with a favourable interaction 
between NDI and DN (Figure 24). The reported values are the fit minimum value 
calculated by ICITC2 and due to working close to the detection limits of the instrument the 
errors associated with these values are large (Table 4 and experimental). There is little or 
no geometrical preference for the interaction between NDI and 1,5- or 2,6-DN isomers, or 
side chain dependence. Furthermore, the good matching of values between techniques gave 
us confidence in the evaluation and strength of π-π D-A interaction. 
 
2.2.4 Other Non-Polar Solvents 
 
Given the success in determining the association and strength of the A-A and D-A 
interactions in heptane, a number of other solvents were investigated (Figure 25). Firstly 
chloroform was used due its higher polarity then heptane and its higher ability to solvate 
aromatic cores which should negate any association. Dibutylether (DBE) is slightly more 
polar then heptane so therefore may give slightly lower association. Methylcyclohexane 
(MCH) was chosen as it possessed the same number of carbon atoms and similar polarity 
to heptane but due to its strained cyclic structure has higher van der Waals forces which 
may influence the association between NDI and DN. Squalene (SQU) is considerably more 
viscous then heptane which may aid association, however its considerable π-surface 
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through its 6 alkenes may better solvate the NDI and DN cores leading to lower 
association. Furthermore, squalene is also a better lubricant mimic then heptane.  
 
Solvent ET30 CED (cal cm-3) Pi (cal cm-3) 
Water 63.0 550.2 41.0 
Methanol 55.5 208.8 70.9 
Acetonitrile 45.6 139.2 96 
DMSO 45 168.6 123.7 
Acetone 42.2 94.3 79.5 
TCE 39.4 108.4 n/a 
Chloroform 39.1 86.3 88.3 
Dibutylether 33.0 50.3 n/a 
Methylcyclohexane 30.8 61.2 71.0 
n-Heptane 30.9 55.2 60.7 
Squalene n/a n/a n/a 
Figure 25 non-polar solvents structure ET30, CED and Pi values18,19 
 
1H NMR, UV-vis, and ITC titrations were performed for all solvents apart from SQU 
where only 1H NMR of 12•14 and 13•14 were possible due to the high viscosity making 
some techniques unreliable. Upon mixing the NDI and DNs in chloroform a dark yellow 
colour persisted indicating no CT complex, which was confirmed by the UV-vis titrations 
showing no increase around 500 nm and the lack of shift of the aromatic core protons in 
the 1H NMR experiments (Figure 26 and Experimental). The ITC experiments were not 
possible in chloroform as it was found to be too volatile and stable baselines were not 
obtainable. Therefore, they were performed in 1,1,2,2-tetrachloroethane (TCE) as its 
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higher boiling point and lower volatility allowed for more stable baselines, while still 
possessing the polarisability of chloroform. Notably during the titration of DN into NDI by 
ITC increased power upon injections was observed indicating an endothermic process 
which was opposite to heptane, DBE and MCH (See experimental). Although the 
chloroform and TCE data was subjected to the 1:1 fitting models no acceptable fit could be 
obtained in any cases with any of the techniques confirming the lack of any measurable 
interaction (Figure 26).  
 
 
Figure 26 Top: UV-vis Titration spectra carried out in chloroform at 298K , initial concentration of 14 25 mM 
with increasing amounts of 13. (Blue =0, green = 1 and red = 3 equiv. of 3) Bottom: Fit of UV-vis Titration of 12•14 
in chloroform 298K 
 
For all other solvents (MCH, DBE and SQU) a deep red colour was observed upon mixing 
of the NDI and DN moieties and each technique exhibited the same behaviour observed in 
heptane, thus consistent with a favourable aromatic D-A interaction. 
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Table 7 Self-association constants between the individual donor and acceptor molecular and the association 
constants between the donorand acceptor pairs 298K 
Compounds Ka NMR (M-1)b Ka UV (M-1)c Ka ITC (M-1)c 
14 (DBE) 8.7 ± 3.3 n/a 7.4 
12•14 (DBE) 4.5 ± 0.2 3.3 ± 0.3 4.6 
13•14 (DBE) 4.8 ± 0.3 3.0 ± 0.5 5.4 
14 (MCH) 5.7 ± 0.8 n/a 4.6 
12•14 (MCH) 7.2 ± 0.3 5.8 ± 0.2 7.8 
13•14 (MCH) 6.3 ± 0.5 4.7 ± 0.5 7.4 
12•14 (SQU) 5.9 ± 0.5 n/a n/a 
13•14 (SQU) 6.4 ± 1.0 n/a n/a 
Single compound dilutions carried out at 25 1C. b The most downfield peak was monitored over a 25–3.6 mM 
conc. c Minimum value calculated by IC2ITC used see experimental.  
 
There is good agreement between NMR UV-vis and ITC techniques, however there is no 
tangible difference in association between DBE, MCH and SQU (Table 7). In DBE the 
association constants are slightly smaller for all techniques then other solvents but not 
significantly so. The errors in the ITC (almost all errors overlap with each other on 
determination of Ka) suggest heptane, MCH and DBE are in very similar if not the same 
regimes of association. The higher association on the A-A complex in DBE is unexpected, 
however is consistent in both 1H NMR and ITC. The MCH results indicate that the 
difference in van der Waals interactions between MCH and heptane are not significant 
when addressing π-π D-A interactions (CED 55.2 vs 61.2). The SQU result was of interest 
due to the number of alkenes which may have been able to solvate the aromatic surfaces 
more effectively, however this is not the case and the more alkylic nature and viscosity of 





Figure 27 Plot of ΔG from 1H NMR vs. the solvent polarity (ET30 scale) for NDI–1,5-DN The data for n-heptane, 
MCH Dibutylether and CDCl3 is from this study while the rest was taken from ref. 20.  
 
There is about two orders of magnitude difference between all Ka determined in water vs. 
heptane, MCH and DBE for the 1 : 1 NDI :DN mixtures (by 1H NMR: 8.3 M-1 in heptane; 
7.2 M-1 in MCH, 4.5 M-1 in DBE and 2000 M-1 in water20). This strengthens the argument 
(vide supra) that the solvophobic effects have a lower contribution in non-polar solvents 
when compared to water. When comparing this to literature values it can be seen that the 
same level association as seen in acetonitrile is seen in heptane, and a minimum in ΔG is 
observed around the polarity of chloroform and DMSO and the association increases when 




Figure 28 Plot of ΔG from 1H NMR vs. the CED  for NDI–1,5-DN The data for n-heptane, MCH Dibutylether and 
CDCl3 is from this study while the rest was taken from ref. 20. CEDs for non-deuterated solvents from ref18,19 
 
When the ΔG is plotted against the cohesive energy density (CED) of each solvent there is 
no clear relationship between CED and ΔG (Figure 28). One could argue a preference for 
higher association with increasing CED, however both CDCl3 and DMSO-d6 are not in 
agreement with this analysis, which may be due to their better solubilisation of aromatic 
cores compared to the other solvents. Furthermore, the ΔG was plotted against the 





Figure 29 Plot of ΔG from 1H NMR vs. the Polarisability for NDI–1,5-DN The data for n-heptane, MCH 
Dibutylether and CDCl3 is from this study while the rest was taken from ref. 20. Polarisibilties for non-deuterated 
solvents from ref21 
 
Polarisability exhibits a similar trend to that observed for polarity, with decreasing 
association to a minimum at medium polarisability and a subsequent increase in 
association with increasing polarisability, however it is more pronounced then in the case 
of polarity (Figure 27). Internal pressure shows no correlation with association which is 






Figure 30 Plot of ΔG from 1H NMR vs. the Pi for NDI–1,5-DN The data for n-heptane, MCH Dibutylether and 
CDCl3 is from this study while the rest was taken from ref. 20 Internal pressure for non-deuterated solvents from 
ref 18,19 
 
There is little difference in association between A-A and D-A complexes, which infers that 
solvophobic contributions dominate over complementary electrostatics (Table 7). 
Furthermore, the NDI-NDI interaction follows this trend however at lower ΔG values 
(Figure 31). These results mirror those obtained by Würthner and co-workers in their study 
of PDI aggregation.23 Overall this analysis shows that no one parameter alone is sufficient 
in predicting the association of aromatic D-A interactions and that all available solvent 






Figure 31 Plot of ΔG from 1H NMR vs. the solvent polarity (Et 30 scale) for NDI self interaction. The data for n-




2.2.5 Solvophobic and electrostatic contributions  
 
To further investigate and disambiguate the contributions from solvophobic and 
complementary electrostatic interactions, the ITC data was studied in more detail and all 
thermodynamic functions were obtained. Given the errors within the ITC data, 
determination the thermodynamic functions were ascertained through 3D plots utilising 
ICITC. One is able to obtain 3D data sets which give the probable values of ΔH for each 
possible value of Ka (Figure 32). We can then cross reference the Kas obtained from other 
techniques for further certainty, which gives us an idea of the magnitude and possible 





Figure 32 3D Plot of Kagg vs ΔH as a function of St. Dev/DOF2 for 12•14 in Heptane, Values below 2 within error 
 
The data was also analysed using an Origin 1:1 model to compare two different software 
packages upon the same data to give further certainty. It should be stressed these numbers 
should be interpreted more qualitatively then quantitatively given the errors within some of 
the 3D sets and that we are in a low ‘c’ regime within ITC (See Introduction).24 
 
Table 8 Values of K, ΔH and -TΔS determined by two different softwares ICITC (data simulation model) and 






ΔH ICITC     
(KJ mol-1) 
ΔH Origin        
(KJ mol-1) 
-TΔS 
ICITC         
(KJ mol-1) 
-TΔS 




11.5 13.4 -1.778 -5.893 -4.231 -1.361 
13•14 
(HEP) 
11.3 19.8 -0.505 -1.283 -5.463 -7.653 
12•14 
(MCH) 
7.8 15.2 -1.497 -5.152 -3.558 -7.926 
13•14 
(MCH) 
4.8 N/A* -0.528 N/A* -3.332 N/A* 
12•14 
(DBE) 
4.6 24.4 -1.716 -2.295 -2.039 -8.409 
13•14 
(DBE) 
5.4 16.8 -0.837 -0.527 -3.312 -7.068 























































While there is a discrepancy in the Ka’s between ICITC and origin there are similar trends 
seen throughout the data. (Table 8). Firstly, it should be noted that the Origin obtained 
values are within the error range given by ICITC. Both ICITC and Origin show that the D-
A process in all solvents is both enthalpically and entropically favourable, however it is 
entropically driven as the –TΔS term is the largest contributor.  Crucially this is the case 
even when considering the system at its highest error margins when using the 3D plots.  
 
This entropic driving force suggests that solvophobic contributions dominate, which can be 
explained as non-polar solvents exhibit unfavourable intermolecular interactions due to the 
restricted rotational and conformational freedom of the solvent molecules in contact with 
the aromatic surface. Comparatively, solvent in the bulk exhibits greater rotational and 
conformation freedom and thus is energetically more stable. Release of solvent molecules 
upon interaction of the aromatic surfaces thus makes the interaction entropically 
favourable. The CED alone of the solvent appears to play no role in this effect, if this was 
the case, a difference in association between MCH and heptane would be observed. This 
hypothesis also explains the lack of interaction observed in CHCl3 or TCE as they solvate 
aromatic cores effectively thus possess greater rotational and conformational freedom 
when in contact of the aromatic surface. The more effective solubilisation of aromatic 
surfaces is illustrated as NDI 1 and 2 were soluble in CHCl3 but not heptane. The 
dominance of the solvophobic effect would also explain the little difference in association 
observed between the A-A and D-A complexes. As in the A-A system the interaction is 
electrostatically less favourable. 
 
Furthermore, of interest is the difference in ΔH values between the DNs 12 (1,5 isomer) 
and 13 (2,6 isomer). In most cases the ΔH of 12 (1,5) is 3 x or more larger than 13 (1,5), 
which has been attributed to their difference in quadrupolar moments. Matile and co-
workers studied a variety of NDI and DN hydrazides and found their 1,5 isomer had a 
quadrupolar moment of -18.1 B compared to -13.2 B for the 2,6 isomer (NDI was +14.9 
B).25 Given the larger value of ΔB (33.0 for 1,5 DN·NDI vs 28.1 for 2,6 DN·NDI) a higher 
enthalpic contribution could reasonably be expected. This further illustrates how dominant 
the entropic factor is in the interaction as despite the larger enthalpic interaction in 12•14 
rather than 13•14 the observed Ka’s are still similar and no geometrical preference is 
observed. Furthermore, it’s an example of enthalpy entropy compensation. It also 
illustrates that while the π-π D-A interaction dictates the order of stacking as the CT 
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complex is observed, however its magnitude is determined by the surface area of the 
aromatics and thus the solvophobic effect.  
2.3 Conclusions 
Aromatic D-A interactions have been shown to be of sufficient strength to assemble 
supramolecular architectures by the combination of a 1H NMR, UV-vis and ITC 
experiments. While higher aggregates are observed in the case of NDI-DN the 1:1 complex 
is dominant and best describes its behaviour at room temperature.  
 
The relationship between association and the solvent parameters of polarity, CED, Pi and 
polarisability was investigated. Similar trends to those observed by Würthner were 
observed for polarity and polarisability exhibited a similar pattern.23 The association 
exhibited no apparent dependence on internal pressure. However, one could argue that if a 
solvent doesn’t effectively solubilise an aromatic core, CED could possibly be used as a 
rough guide to estimate the magnitude of the interaction. 
 
The D-A aromatic interaction was found to be enthalpically favourable, but entropically 
driven. This is counter to data where ΔH is not determined directly as is such in the 
dimerization and isodesmic polymerisation model, which infers a enthalpically driven 
process. This illustrates a key point that thermodynamic data should be obtained directly 
and not derived from variable temperature or concentration techniques as one may miss the 
crucial role that the solvent plays in these interactions. When one is designing aromatic 
based supramolecular structures in non-polar solvents if higher association is desired 
higher surface area is the most efficient way to obtain it. This is illustrated by the higher 
association constants obtained using PDI and π-extended NDI in non-polar environments 
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Utilisation of D-A Aromatic Interactions in Friction 
Modifiers 
 
This chapter describes the synthesis of novel desymmetrised  
naphthalenediimide and dialkoxynaphthalene for use as friction modifiers for 






































A lubricant performs many functions within an engine environment, it not only reduces 
friction but also helps to protect, cool, seal and clean the engine through a variety of 
additives. There are many challenges in the development of lubricant additives with engine 
temperatures varying from 350 oC in the piston head to -25 oC upon ignition to avoiding 
auto-oxidation of additives on metal surfaces present within the engine at these high 
temperatures.1,2 In this chapter advanced friction modifiers (FMs) containing NDI and DN 
cores were synthesised and a number of surface and friction studies performed.  
 
Within an engine there are three general lubricant regimes hydrodynamic, mixed and 
boundary (Figure 1).  
 
 
Figure 1 Stribeck Curve and Lubrication regimes figure reproduced from reference 1.  
 
In the hydrodynamic regime the thickness of the lubricating film is greater than surface 
asperities; in this regime the lubrication is manipulated by using rheological control i.e. 
through the viscosity of the oil. In the boundary regime the surface asperities are greater 
than the film thickness, which means in this regime the reduction in friction is influenced 
by surface active chemistry. The mixed regime is a combination of the boundary and 
hydrodynamic regimes, where both surface active chemistry and rheological modification 
are able to influence the friction.1,2 The boundary regime is where friction modifiers are 
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best utilised. Friction modifiers are typically very surface active, exhibit low shear 
resistance, as well as good compressive strength which allows for physical separation of 
the metal surfaces. They are of most use in very high load areas such as the camshaft, 
where reduction in friction translates to increased fuel economy, as well as increased 
power.1 Friction modifiers typically consist of a polar head which adheres to the metal 
surface and apolar tail which acts to solubilise the head group and give compressive 
strength (Figure 2). Considerable effort has been placed upon the head group chemistry 
with a variety of acids, esters and amides as well as hydroxyls being utilised. However, 
development of the apolar chain is markedly less common, it is hoped by placing NDI and 
DN cores within the solubilising chain these will act to reinforce the FMs through their 




Figure 2 Top: Schematic representation of classical FM design on surface and typical FM Bottom: Schematic 
representation of D-A FMs.  Black arrows represent the forces placed upon FMs compression figures reproduced 




Initial NDI and DN derivatives synthesised by BP Castrol were designed by simply placing 
the cores within the middle of a glycerol mono oleate moiety (Figure 3). However, these 
were not soluble in non-polar media.  
 
 
Figure 3 Initial NDI surfactants synthesised by BP Castrol figure reproduced from reference 1. 
 
In the previous chapter NDI and DN cores were solubilised in non-polar environments the 
strength of the D-A aromatic interaction between them was evaluated. This knowledge will 
now be implemented in the design of advanced friction modifiers. The aim of this chapter 
is to firstly synthesise oil soluble NDI and DN based friction modifiers and then study their 















3.2 Results and Discussion 
 
3.2.1 Desymmetrised NDI and DN cores 
 
The first aim was to solubilise the NDI and DN cores within non-polar environments. 
Heptane was initially used as the lab mimic of a lubricant, however later Yubase IV (C25-
35 hydrocarbon <10% unsaturation) and BP Castrol proprietary fully formulated oils 
containing additive packages were also used.1 Furthermore we also wished to have 
identical substitution on both NDI and DN cores to avoid any sidechain influences. In 
comparison to chapter 2, desymmetrised NDI and DN cores were now desired to allow for 
both a surface active and solubilising group.  
 
Desymmetrisation of the NDI core is well established and a protocol previously developed 
by the group was altered with increased sonication and reaction times. These alterations 
gave better NMI:NDI selectivity than the previously reported procedures when using 10.3 
The necessity of the longer sonication and reaction times were attributed to the relative 
insolubility of 10 in DMF, with the relative stoichiometry of 10 to NDA in solution being 
crucial to selectivity (Figure 4).  
 
 










The synthesis of the desymmetrised DN was not as facile due to the added need for 
selectivity, as well as the previously described issues of lipophilicity of the alkyl 
bromide/mesylate and oxidation of DN. Initial conditions using a slight excess of 8 were 
used to synthesise 16 and 12 (symmetrical) DN at the same time and save synthetic time 




Figure 5 Initial synthesis of 16 
 
The first step in an alternative route was the monoprotection of the 2,6-DHN using 
TBDMSCl, which was relatively straightforward and proceeded in a 63% yield (Figure 6).4 
Furthermore the starting DHN could be recovered during the purification by flash column 
chromatography and re-used with no apparent issues.  
 
 
Figure 6 Synthesis of mono-TBS protected derivative 17 
 
The second step involved the reaction at the free hydroxyl of 17. 2-Octyldodecyl-bromide 
was refluxed in the presence of 17 and potassium carbonate for 24h, after which none of 
the desired product was observed. Commercially available 2-ethylhexyl-bromide was then 
used again under the same conditions with no success. The same results were obtained  
when potassium carbonate was substituted with potassium hydroxide. In all cases starting 




A stronger base, NaH was then used under the same conditions as previously stated. 
This change in base allowed the synthesis of the desired product with 1.1 equivalents of 
NaH giving 66% conversion, determined by 1H NMR. The equivalents of NaH were then 
increased to 2 from 1.1, which showed complete conversion of the 2-ethylhexyl-bromide, 
however it also indicated a partial deprotection of the TBDMS group (Figure 7). This may 
have occurred when methanol was used to quench the reaction or by excess NaH.  
 
Figure 7 Synthesis of 18 
 
The partially deprotected mixture was then fully deprotected using TBAF in THF (Figure 
8). Partial deprotection during the previous step was confirmed as the loss in mass was not 
consistent with the loss of TBDMS, it was significantly less (which accounts for the 
supposed low yield of the former reaction). The yield over both of these steps was 64%. 
 
 
Figure 8 Synthesis of 19 
 
As the TBDMS mono-protection route involved multiple steps and longer duration it was 
discontinued. An alternative mono-protection of the DHN was attempted using an acetate 
protecting group. This involved the slow addition over 2 hours of acetyl chloride into a 
dilute solution of DHN (0.1 ml of AcCl in 5ml of MeCN added over 2 hours into 200mg of 





Figure 9 Acetyl protection of DHN 
 
The best selectivity obtained was 3:1 mono:disubstituted product, as determined by 1H 
NMR spectroscopy on the crude reaction mixture. Considering the need to column this 
material then perform  two added steps to achieve the desired product the original 
desymmetrisation method was instead optimised (Figure 4).  
 
Previously we had evaluated that there was no geometrical preference for NDI to interact 
with either 1,5- and 2,6-DNs (See Chapter 1 pages 67-68). Therefore the 1,5-DN derivative  
was chosen to work with, given its much lower cost, as there was a desire to potentially 
scale the process ( £0.17/g for the 1,5-DHN vs £10.64/g for the 2,6-DHN). In the previous 
method the yield and selectivity was impacted by the decomposition of the DHN altering 
the relative stoichiometry. Therefore, excess DHN was used to allow for the significant 
decomposition and still retain an excess in an attempt to promote the formation of the 
mono-substituted product.  
 
 
Figure 10 Optimised synthesis of desymmetrised DN 
 
Three equivalents of DHN gave the optimal results, with selectivity of 4.5:1 mono:di in the 
crude mixture and a yield of 21 of 62%, both markedly improved from previous attempts. 




3.2.2 Surface active group appendages 
 
As both NDI and DN cores had now been successfully desymmetrised, hexanoic acid 
moieties were appended to each core. Hexanoic acid was chosen in this regard due to the 
known metal surface activity of carboxylic acids and the relative short carbon chain which 
should aid rigidity once upon the surface, and thus allow for better overlap of the aromatic 
cores.  
 
NDI core 15 was reacted with 6-aminohexanoic acid under microwave conditions, to give 
the desired product in good yield (Figure 11). The reaction was scalable to 500 mg of 15, 
however above this quantity incomplete conversion was observed even after 20 minutes of 
microwave irradiation.  
 
Figure 11 Synthesis of 21 
 
Compound 22 however didn’t possess the desired solubility in heptane, therefore the 
carboxylic acid was methylated. The methylation proved problematic at first, however 
conditions were found that allowed for the synthesis of the desired product. A range of 
methods were employed from refluxing in methanol in the presence of sulphuric acid, 
formation of the acyl chloride then reflux in methanol and methyl iodide in DMF. Finally it 
was found 10:1 acetone:chloroform at 50 oC using methyl iodide gave the desired product 
23 which displayed long term solubility (Figure 12) (visually over 1 month)  not only in 





Figure 12 Synthesis of 22 
The matching DN 21 was refluxed with 6-bromohexanoic acid (24) in MeCN, however 
issues were found with the significant self-cyclisation 24 to the lactone 25 (Figure 13). 
Although 26 was observed in the crude NMR the separation of 25 and 26 proved 
prohibitive by column chromatography.  Given the boiling point of the lactone 25 was 212 
oC the worked up product was heated under vacuum (5 mbar) to 70 oC for 2 hours. It was 
hoped this would remove the excess lactone leaving only the desired product and unreacted 
starting material. While this was successful on a small scale when repeated on a larger 
scale this surprisingly caused the decomposition of 21 and 26. 
 
Figure 13 Attempted synthesis of 26 
As our aim was to synthesise the methylated version of 26 ethyl-6-bromohexanoate was 
used as the methylated version was unavailable commercially. As previously with the 
symmetrical DN’s 12 and 13, the initial worked up product was heated with potassium 
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pthalimide in DMF to allow for column chromatography of the mixture; the yield was 43% 





3.2.3 Reflection absorption infrared and Sum Frequency Generation 
spectroscopic surface studies  
 
As the two cores DN 27 and NDI 23 had been synthesised on multigram scale, their 
surface behaviour was studied by reflection absorption infrared spectroscopy (RAIRs) and 
sum frequency generation spectroscopy (SFG). For mock engine surfaces iron powder as 
well as steel plates supplied by BP were used. Finally to determine friction coefficients 27 
and 23 were also subject to rig tests conducted by BP Castrol. Initially a depletion 
experiment was attempted, which is where iron powder is added to a solution of surface 
active compound.  If the absorbance of the compound is seen to decrease this is attributed 
to adsorption of the compound onto the iron surface. The decrease in absorbance is then 
plotted against the amount of iron present which gives a binding isotherm. The carboxylic 
acid terminated NDI 22 was used as it possesses a better surface active group then the 
methylated ester. Due to solubility issues 21 was dissolved in chloroform (1 mM due to 
detector limits) and increasing amounts of Iron powder ( <212 ųm) were added, while 
monitoring the absorption in the NDI region. Despite adding up to 10 equivalents of Iron 
powder it was found the absorption of the NDI remained unchanged, indicating no 




As depletion isotherms are a relatively crude model for determining surface adsorption, 
reflection absorbance infrared spectroscopy (RAIRs) was employed (Figure 15). RAIRs 
involves depositing a solution of your compound upon a surface, rinsing any physisorbed 
species away and recording the grazing incidence reflection of the IR light, which is 
recorded at an angle equal to the angle of incidence.5,6 The RAIRs spectra are then 
compared against the FTIR spectra of the bulk materials to assign each stretch. Only 
vibrations perpendicular to the surface are recorded.  
 
 
Figure 15 Schematic representation of RAIRs 
 
This is especially useful for the NDI and DN FMs as it is hoped the polar head will adhere 
to the surface, while aromatic cores align further up the chains. However, with 22 there is a 
chance the compound may lay flat upon the surface which RAIRs cannot detect.   
 
Firstly, the bulk FTIR of 23 and 27 were recorded for comparison to the RAIRs 
experiments (Figure 16). As can be seen from the FTIR of the bulk samples both 23 and 27 
exhibit C-H aryl and strong alkyl C-H stretches, and in the case of the 23 multiple carbonyl 
environments as expected for the imides and ester while 27 only exhibits one carbonyl 
stretch at 1739 cm-1 characteristic of an ester. All of these would be expected in RAIRs if 





Figure 16 FTIRs of 23 (blue) and 27 (red) at 298K 
 
Furthermore, FTIR of a mixture of solid 23 and oil 27 was also conducted, upon mixing 
the brown solid and oil formed a dark red residue indicating a CT complex between the 
aromatic cores (Figures 17 & 18). Interestingly all the carbonyl stretches shifted towards 
higher wavenumbers, even the ester stretch which indicates a more disordered 
confirmation. This could be due to the D-A interaction between 23 and 27 interrupting the 
ordered confirmations compared to the single bulk mixtures due to the mismatch in the 
aromatic cores. The alkyl C-H stretches remained unaffected, suggesting the interaction is 





Figure 17 FTIR of 22:27 Mix at 298K 
 
Figure 18 Bulk FTIR 23 (blue) and 23:27 mix (purple) at 298K 
 
For the RAIRS experiment 5 mM solutions of 23 and 27 as well as a 1:1 23·27 5 mM in 
hexadecane-d34 were prepared. Deuterated solvent is used to allow for observing only the 
alkyl C-H stretches from the compound and not from the solvent. RAIRs spectra were 
recorded after the initial solutions were dropcast onto polished steel plates from and 
allowed to dry, then after rinsing with hexadecane and finally after overnight under vacuo 





Figure 19 RAIRs 5 mM 23 in hexandecane-d34 at 298K  
 
Figure 20 RAIRs 5 mM 27 in hexandecane-d34 at 298K     
 




In all samples a large water peak was observed (which has been cut from the spectra 
displayed) (Figures 19-21). All spectra showed a two weak alkyl C-H stretches at 2930 and 
2850 cm-1 in all cases, while the carbonyl stretches were extremely weak and noisy. The 
peak at 2930 cm-1 usually indicates a strained C-H, which may suggest it being close in 
proximity to heteroatoms of either the ester or imide. The presence of the C-H stretch 
throughout the process indicates some irreversible binding to the surface.  
 
To further analyse the surface interaction we then employed sum frequency generation 
spectroscopy (SFG) due to its high sensitivity. SFG can detect sub-monolayers of 
molecules on a surface, and crucially the orientation of the molecules.7,8 In SFG two lasers 
beams are directed at a surface, one being constant and the other tuneable which then 
generate an output beam which has the frequency of the sum of the two input beams 
(Figure 22).  
 
 
Figure 22 Schematic representation of SFG spectroscopy 
 
The orientation of the molecules is determined by use of two polarizers which affect all the 
laser beams, one with a field perpendicular to the plane of the surface ‘S’ and one parallel 
to the plane of the surface ‘P’.7 Therefore, when analysing in PPP only stretches parallel to 
the surface are observed. To perform this experiment, aliquots of 5 mM 23, 27 and 23·27 
in hexadecane were deposited upon steel plates and the plates rinsed and subsequently left 
under vacuum overnight before being analysed. Only the C-H stretching frequencies were 





Figure 23 SFG in PPP of 23, 27 and 23:27 at 298K 
 
As can be seen from the PPP spectrum the alkyl chains of 23 and 23:27 are clearly 
adsorbed on the surface in a parallel arrangement; however the presence of 27 appears to 
lower the adsorption in comparison to 23 alone (Figure 23). This behaviour may be due to 
the association of 23 to 27 inhibiting absorbance onto the surface. The greater adsorption 
of 23 to the surface was expected while the very poor adsorption of 27 is a slight surprise. 
The SSP spectra were then obtained in which any stretches perpendicular to the surface can 
be probed for (Figure 24).  
 
 





No adsorption at all was observed in SSP indicating that all the adsorbed alkyl chains are 
parallel to the surface (Figure 24). This is in slight disagreement with the RAIRs data 
which showed weak C-H stretches, however SFG spectroscopy is a more sensitive 
technique and results would supersede any observations in RAIRs.  
 
It has been established that the NDI 23 adsorbs onto steel plates through the alky chains in 
a parallel fashion, while the DN 27 shows little adsorption onto steel plates; while 23·27 
shows intermediate properties between the two single compounds. Of note is that given the 
ozone cleaning procedure, the steel plates used may have formed significant areas of Iron 
oxide on the surface after a number of cleaning cycles, which would affect any surface 
adsorption greatly. From a surface science perspective this is undesirable, however the iron 
oxide/iron surface is a better mimic of surfaces within engines. These results showed 
















3.2.4 Rig Tests 
The rig tests involve dissolving 4 wt % additive in squalane and comparing the friction co-
efficient against pure squalene over a temperature range. The rig itself consists of two 
metal surfaces which are pushed against each other at a constant force over a range of 
temperatures (Figure 25). In all tests a tetrabutylammonium containing dispersant was also 
added to aid with solubility; in particular for 23. 
 
Figure 25 Rig Test- HTHFRR High Temp 
 
 
The rig test showed that friction is only significantly reduced between 150 and 210 oC 
(Figure 26). The reduction in friction also seems to be independent of either 23, 27 or 
23·27. Of note is that 23·27 in these experiments is not stoichiometric and simply based on 
weight percentages. 
 
Current commercial FMs generally would exhibit a coefficient of friction between 0.10-
0.05 between 60 and 270 oC. The discrepancy between the commercial FMs and the NDI, 






Figure 26 Coefficient of Friction vs Temperature for 23, 27 and 23·27 
More effective head groups such as primary amides were avoided due to concerns over 
solubility. What may be of interest is a long term study at high temperatures to see if the 
esters can be cleaved and the carboxylic acids realised, which would then adsorb to the 
surface stronger. However tert-butyl esters may be better in this regard as they are able 
leave favourably thermally as isobutylene.      
 
3.3 Conclusions and Future Work  
NDI and DN containing potential friction modifiers were synthesised on multigram scale, 
which possessed the desired solubility in oil mimics and base oils. The relative insolubility 
of the NDI core was again illustrated. Two surface techniques, RAIRs and SFG, were 
employed with both indicating adsorption of the alkyl chain onto polished metal surfaces. 
A caveat however is that these surfaces may have contained significant iron oxide due to 
the cleaning process used in the experiments. Finally 23,27 and 23·27 were subject to rig 
























Composite Chart - Coefficient of Friction
Squalane 2	wt.	%	23:	2%	27 4	wt.	%	27 4	wt.	%	23
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Transesterification of 23 and 27 from the methyl or ethyl head groups to the diol head 
group seen in glycerol mono-oleate would be of interest. As glycerol head groups have 
been shown to exhibit better surface adsorption and should not impact on the solubility 
greatly. Furthermore, the extended high temperature rig tests and potential use of tert-butyl 
esters may be of interest as a heat activated FM (Figure 27). 
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Chapter 4   
 
Aromatic interactions of polycyclicaromatic hydrocarbons 
in non-polar environments  
 
This chapter describes the interaction between naphthalenediimides and 
perylenediimides with a variety of PAHs ranging from coronene to novel α-






































PAHs are of direct interest in lubricant additive design as they are precursors to soot, a by-
product of the combustion process within engines. Soot is formed due to incomplete 
combustion of the fuel and generally considered to be anything from 20-40 nm in size and 
can be highly functionalised particularly with oxygenated groups such as carboxyls, 
phenols, quinones and lactones (Figure 1).1,2  Furthermore soot aggregates readily in oil to 
form agglomerates between 100-300nm in size. If soot is allowed to agglomerate unabated 
it is able to block high load areas of the engine leading to oil starvation and excessive wear. 
Currently soot is dispersed into smaller aggregates by dispersant molecules containing 
polar groups and oil-soluble side chains such as polyamides and imides which interact with 
the soot, thus aggregation is prevented by preferential binding of the dispersant.3 This area 
continues to receive considerable attention in the lubricant industry.2 
 
 
Figure 1 ‘Model’ Soot surface 
 
The characterisation of soot is extremely difficult, its composition and functionalisation 
varies between engines, fuels and areas in which it’s generated and is thus a research area 
in its own right.4 We are primarily focused on the interaction of soot precursors and 
mimics such as PAHs of known structure and composition with aromatic compounds to 
improve dispersion or even solubilise these moieties within non-polar environments. It is 
hoped that if these aromatic cores are appended with solubilising chains, they will be able 
to disperse or increase solubilisation of soot by their favourable aromatic interactions 





4.2 Results and Discussion 
 
4.2.1 Coronene and Flavanthrone solubilisation 
 
Due to the challenges in characterisation of soot, PAHs will instead be utilised initially 
before moving onto more soot-like models. Heptane was first used as the lab model of a 
lubricant but also squalene, Yubase IV and BP Castrol proprietary fully formulated oils 
were later studied. Firstly, coronene (28) was used due to its simple structure, and its 
partial solubility in heptane (up to 0.26 mM). To observe any increased solubilisation a 
saturated solution of PAH at (1 mg/ml) was stirred in a solution containing a dispersant at 
various concentrations for 24 hours, the solution was then filtered, UV-spectra recorded 
and compared to a control of the PAH alone; this method is used throughout this chapter.  
 
Initial studies of 25 mM NDI 14 in heptane with saturated coronene showed no tangible 
effect on the solubilisation of coronene. This was concluded to be due to the insufficient π-
overlap of 14 with 28 therefore the π-extended perylenediimide (29) appended with 2-
octyldodecyl chains was used (Figure 2) (This compound was synthesised by Key 
Organics for BP Castrol).  
 
 
Figure 2 Octodedcyl appended Naphthalene diimide 14, Coronene 28 and Octdodecyl Perylenediimide 29 
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PDI 29 has an even higher propensity for self-stacking then 14 due its larger π-surface and 
as such has a lower solubility in heptane of ~0.65 mM (compared to > 110 mM for 14). 
However, this was deemed sufficient for these experiments due to the larger π-surface of 
29, which should lead to a greater strength of interaction with other PAHs. This assertion 
was supported by a set of semi-empirical PM7 calculations of the stability gained from the 
interaction of 29 with 28 (Butyl chains were used in the calculation to save modelling 
time). Both the 1:1 and sandwich complex were modelled (Table 1). 
 
Table 1 PM7 modelling of interaction between 28 and 29. Stability gained is offset from single compound 
calculations 




29·28·29 (sandwich) -609 
 
The 1:1 complex of 28·29 is less stable than the dimer of 29, however the sandwich 
complex is more stable by 87 eV; while 28 showed no stabilisation from aggregation. This 
suggests that 29 may be sufficient in dispersing or increasing the solubilisation of 28.  Of 
critical importance is that these calculations were in the gas phase and thus no solvent 
parameter was used.  
 
A 0.38 mM solution of 29 in heptane was used as to ensure a sizeable gap from its 
solubility limit. A 1 mg/ml suspension of 28 was added to this solution and it was allowed 
to stir for 24 hours at room temperature, filtered and the UV-vis spectra recorded and 
compared to the control solution of 28 in heptane; it showed a 10% increase in solubility of 
coronene, which was determined by comparing the change in absorbance of the peak at 
~340nm (Figure 3). No charge transfer band was observed, however this would be broad, 
weak and difficult to distinguish from the absorbance profile of 29 (PDI in heptane is a 
dark red purple colour which is unaffected on addition of coronene). The spectra were 
recorded to 325 nm due to detector limits, the lamda max of coronene is at 302 nm, thus 





Figure 3 Saturated 28 and 0.38 mM 29 with 28 in Heptane. Normalised at 599nm recorded at 298K. 
To further probe this effect an experiment was performed where both solutions were 
heated to 50 oC for 1 minute and then cooled to 25 oC and the absorbance recorded over 
time (Figure 4). This was to explore the kinetics of de-aggregation of 29, it was proposed 
that at room temperature this process was slow, which inhibited the formation of the face-
centered stacking interaction with 28. It was hoped the heat would allow for the de-
aggregation of 29 which would then form an increased amount of the more stable complex 
with coronene rather than self-aggregation. 
 
 
Figure 4 Absorbance at 338 nm vs time after heating at 50 oC of 0.38 mM 28 with sat 29 and sat 29 control in 
heptane 
 
Upon heating both solutions show a markedly increase in absorbance for 28 however it is 
clear that the solution containing 29 retains the increased amount of 28 in solution even 3 
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hours after the initial heating, while the control returns to original absorbance in just under 
an hour (Figure 4). This proves that promoting the disaggregation of 29 increases its 
availability for complexation with coronene. While the coronene result is promising, its 
small size and lack of functionalisation isn’t ideal. Therefore Flavanthrone (30) was 
investigated, which has a similar π-surface area but also a degree of heteroatom 
functionalisation in the form of quinones and quinolones (Figure 5).  
 
 
Figure 5 Flavanthrone 
 
Solubility studies were undertaken which showed that flavanthrone exhibited no solubility 
in heptane.  NDI 14 was used initially as a dispersant. To a solution of 25 mM 14 a variety 
of equivalents of flavanthrone were added and UV-vis spectra were recorded (30’s λ max= 
430nm in MeOH).5 No CT band or increase in absorption around 430 nm was observed for 
any of the solutions. The solution containing 0.8 equivalents of 30 was then heated to 
70 oC and no indication of 30 in solution was observed (See experimental). This shows that 
there is no interaction between 14 and flavanthrone in heptane. 
 
As before 29 was used due to its success in increasing the solubility of 28 in heptane. As 
previously, a saturated 1 mg/ml suspension of 30 was used with 0.38 mM 29. The resulting 
spectra showed no CT band or increase in absorption at 430 nm. The solution was heated 
and no indication of flavanthrone was observed, the shift in the absorbance profile of 29 is 





Figure 6 29 control and 29 with 30 in Heptane at various temperatures  
 
It can therefore be ascertained that neither 29 nor 14 solubilise flavanthrone in heptane. 
This could be attributed to flavanthrones’s electron deficiency, therefore its interaction 
with electron deficient PDI or NDI may be small. We hypothesised that an electron-rich 
aromatic should have an increased interaction with flavanthrone compared to NDI and PDI 
so thus solubilise 30. To test this, an attempt to solubilise 30 using the DN 12 was 
undertaken.  
 
However, the solubilisation using 12 also proved unsuccessful with no CT complex 
observed or any increased absorbance at 430 nm. In conclusion the self-aggregation of 
flavanthrone was deemed too strong to break, illustrated by its insolubility in heptane. In 
contrast coronene exhibits partial solubility in heptane which could be used as a handle for 
increasing its solubility using appropriate dispersants.  
 
4.2.2 Synthesis of extended PAHs  
 
Given the success in the increased solubilisation of 28 in heptane, studies of larger PAHs 
more representative of soot itself were desired. Larger PAHs are prohibitively expensive or 
unavailable commercially so were therefore synthesised. The Scholl reaction has been 
utilised by Cataldo and co-workers with particular success in this regard and adapted 
procedures reported by their group were used for this purpose.5 The first extended PAH 
synthesised was hexabenzocoronene (HBC) by exposing hexaphenylbenzene (31) to the 
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harsh Scholl reaction conditions, which proceeds via a Lewis acid catalysed radical cation 
mechanism (Figure 7).6  
 
 
Figure 7 Synthesis of HBC 
After 10h at 200 oC the mixture was quenched with 15% HCl and extracted with acetone 
using a soxhlet apparatus for 3 days. Due to its poor solubility in common NMR solvents, 
HBC’s structure was confirmed by matching with previously reported UV-vis spectra and 
subsequently MALDI mass spectrometry, which was only possible to 1 decimal place due 
to its poor ionisation.5 It was also possible to further purify HBC by a hot filtration from 
squalene. The peaks at 480, 450 and 415 nm, which result from impurities, are reduced 
significantly after the hot filtration (Figure 8).  
 
 
Figure 8 UV-vis spectra of 32 in 1,2,4-trichlorobenzene before and after Hot filtration from Squalene recorded at 




Further to HBC, Quarterrylene (Quat) the dimer of Perylene (33) was also synthesised by 
a similar method (Figure 9). It was hoped its different shape to HBC may yield different 
solubilisation properties. As in case of HBC, Quat’s structure was confirmed using UV-
vis spectroscopy, the obtained spectra matched the previously reported spectra. The UV-
visible spectra for Quat in 1,2,4-trichlorobenzene exhibit bands at 673 and 616 nm 
indicating the hexagonal isomer, as well as the lack of a bands at 358 nm, indicating little 




Figure 9 Synthesis of Quaterrylene 
 




Finally, a novel α-benzopyrene dimer (37) was synthesised by subjecting α-benzopyrene to 
the Scholl conditions used in the synthesis of 34 (Figure 11). 
 
 
Figure 11 Synthesis of BPD 
 
In PAH syntheses it is common for a variety of products to be formed.5 In the case of 
benzo[a]pyrene not only the desired product 37 was observed by mass spectrometry, but 
also a di-oxygenated and a tri-chlorinated species 38. Increasing amounts of chlorination 
were also observed up to 6 chlorine atoms, positions chlorinated are not known. The 
mixture of products will be referred to as BPD. The chlorination is unsurprising due to the 
excess of AlCl3 and FeCl3 present within the reaction mixture.  
 
The functionalisation was desirable as it produced a more accurate soot mimic then a pure 
PAH. Given that this was a novel reaction there are no reports of any isomers of BPD, the 
UV-spectra were therefore predicted for different possible isomers of BPD in 
chlorobenzene using DFT calculations. Due to the lack of knowledge on the position of the 
chlorines these weren’t calculated. Figure 12 shows the experimental UV-vis spectrum of 
BPD at 0.128 mM in 1,2,4-trichlorobenzene of the obtained mixture in black and 







Figure 12 Experimental UV (Black line) of Scholl reaction mixture in 1,2,4-trichlorobenzene at 298K, Calculated 
UV’s (dashed colours) Isomers. 
 
To contrast against the electron deficient PDI dispersant an electron rich dispersant was 
also desired. Computational studies performed by BP Castrol suggested that polybenzylic 
compounds would be good candidates for solubilisation or dispersion of PAHs. Therefore, 
the synthesis of the alkoxy polybenzylic linked compound 39 was devised (Figure 13). The 
ether linkages were included as these may aid dispersion as is seen in polyamide-
containing conventional dispersants.  
 
 
Figure 13  Alkoxy polybenzylic compound  
 
To synthesise 39 hydroquinone was desymmetrised by adapting the synthetic procedure 
used for DN 20, with the equivalents of hydroquinone increased from 3 to 5 relative to the 





Figure 14 Synthesis of 42 
 
We then intended to react hydroquinone with a bromo alcohol to form the desired diol 
however initially 44 was found to contain a significant amount of oligomeric polyether and 
propane diol (Figure 15). This is surprising as usually potassium carbonate is not a strong 
enough base to allow for deprotonation of alkyl alcohols. The polyether remained despite 
attempts to purify the material by column chromatography, therefore the mixture was 
subjected to a tosylation. The aim of this was to form the tosylate, which was not water 
soluble while the tosylated polyether should be, thus allowing for a facile separation; 
however it was found the oligomers were not water soluble. The synthesis of 44 was 
repeated with lower amounts of bromo alcohol in an attempt to limit the polyether and 
propane diol formation, which proved partially successful. The product was then purified 
by heating at 70 oC under vacuum (10 mbar) for 6 hours which removed both impurities. 
The low yield is in part due to the work up in which the reaction mixture is washed with 
saturated NaHCO3 which may remove traces of the diol but is necessary for the removal of 
hydroquinone and any monosubstituted product. The mesylation proceeded in good yield 






Figure 15 Synthesis of 44 and 45 
 
For the synthesis of 39 a number of conditions were attempted, firstly refluxing in acetone 
with K2CO3 and NaH in THF but only starting materials were observed. It was eventually 
found that 4 equivalents of NaH in DMF gave the desired product which was purified by 
column chromatography.     
 












4.2.3 PAH Solubilisation  
 
The range of synthesised PAHs were then subjected to the solubilisation experiment 
described earlier on page 108. Unlike previously, NDI 13 was not used due to its inability 
to solubilise coronene, therefore it was not considered for solubilising larger PAHs.  
 
All synthesised PAHs hexabenzocoronene (HBC), quarterrylene (Quat) and benzopyrene 
dimer (BPD) displayed no solubility in heptane, which was unchanged in the presence of 
PDI (29). With the 0.4 mM 29 solutions the spectrum between 560-500 nm wasn’t 
recorded due to detector limits. Firstly, the controls of HBC and Quat showed some 
solubility in squalene with a broad absorbance for HBC recorded around 350 nm, Quat 
was also partially soluble in squalene with the same absorbance profile to that observed in 
1,2,4-trichlorobenzene. It is hypothesised that in solvents such as squalene HBC and Quat 
exist as aggregates which leads to the broad absorbance profiles in comparison to the 
spectra in 1,2,4-trichlorobenzene where they exist as single compounds. Therefore, 
increased solubilisation of PAHs should lead to not only increased absorbance but also 
more defined absorbance profiles. The more soot-like mimic BPD was insoluble in 
squalene even in the presence of 29. The spectra of the PAH dispersant mixture minus the 
dispersant control is also overlaid for clarity. The subtraction represents the contribution of 
PAH solubilised by the dispersant. Notably some solutions were diluted after filtration to 
obtain spectra within detector limits.  
 
HBC was stirred in 0.4 mM PDI in squalene. After 24h an increase in absorbance at 350 
nm was observed, however the increase in absorbance is very similar to that of the additive 
spectrum of 29 and HBC (Figure 17). Given the similarity it was considered that little or 
no increased solubilisation had occurred. Notably there is a change in the absorbance 
profile of 29 in the presence of HBC, and the negative absorbance recorded in the 






Figure 17 HBC, 29 and HBC·29 and substracted Spectra in Squalene at 298K. 
 
Variable temperature studies were then performed from 5 to 70 oC on the PDI-HBC 
mixture (Figure 18). These showed a blue shift in the peaks for both 29 and HBC, the 
absorbance at 356 nm was plotted vs temperature, which showed a non-linear increase 











Figure 19 Absorbance at 356 nm vs Temperature of HBC PDI mixture. 
 
The experiments performed with HBC and 5.20 mM 39 in squalene showed an increase at 
325 nm compared to the control which could indicate increased solubilisation (Figure 20). 
The large increase may be due to the disaggregation of HBC as it is solubilised into single 
compounds or smaller aggregates giving a more defined absorbance profile. The 
experiment also indicates that 39 doesn’t solubilise the impurities present within HBC at 
480 and 450 nm. 
 
 
Figure 20 HBC, 39 and HBC·39 and substracted Spectra in Squalene at 298K spectra normalised at 600 nm. 
In the case of Quat with 0.4 mM PDI in squalene the result is unequivocal with increased 
solubilisation of Quat by ~40% compared to the control (Figure 21). This was attributed to 
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the increased partial solubility of Quat vs HBC, as well as the better shape and π-overlap 
between 29·Quat over 29·HBC. 
  
 
Figure 21 Quat, 29 and Quat·29 and substracted Spectra in Squalene at 298K spectra normalised at 748 nm. 
 
Variable temperature studies on 29·Quat showed a blue shift in the peaks of Quat, the 
absorbance at a 660 nm was plotted vs temperature, which didn’t show a linear increase 
(Figure 22 and experimental). This indicates that there is aggregation behaviour of 29 and 
Quat and not a variance with temperature alone. 
 
 





In contrast to PDI, 39 had little to no effect on the solubilisation of Quat in squalene which 
is surprising as it appears it may have been able to solubilise HBC (Figure 23). 
 
 
Figure 23 Quat, 39 and Quat·39 and substracted Spectra in Squalene at 298K. Spectra normalised at 700 nm. 
 
Yubase IV was used in place of squalene and studied in the same manner using 0.4 mM 
and 2.08 mM solutions of 29 and 39 respectively. Yubase IV is a base oil which makes up 
to 80% of the composition of a lubricant, it has less than 10% unsaturation, therefore one 
would expect lower solubility of PAHs in contrast to the more unsaturated squalene. BPD 
displayed no solubility with or without either dispersant.  
 
In Yubase HBC and Quat showed weaker but similar absorbance profiles to that in 
squalene. HBC with 0.4 mM 29 in Yubase displayed similar results to that of squalene, 
however a significant decrease in the absorbance for 29 was observed, as well as 
precipitation of 29 in the vial after 24h. The presence of a dark red solid confirmed this as 
HBC is black. (Figure 24: of note the 0.4 mM 29 shows some detector saturation above 













Figure 24 HBC, 29 and HBC·29 Spectra in Yubase IV at 298K 
 
 In HBC and 39 the same results seen in squalene were observed, indicating the possible 
solubilisation of HBC (Figure 25). 
 
 
Figure 25 HBC, 39 and HBC·39 Spectra in Yubase IV at 298K. Spectra normalised at 500 nm. 
 
The UV-spectra of Quat showed a slight decrease in absorbance in the presence of 29 
compared to the control as well as some precipitation of 29 (Figure 26). A slight decrease 
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in absorbance for Quat was also recorded with 2.08 mM 39. The absorbance of 39 
increased in the mixture with Quat around 320 nm however a decrease is observed at 660 
nm indicating less solubilisation of Quat comparable to the saturated solution (Figure 27).  
 
 
Figure 26 Quat,29 and Quat·29 spectra in Yubase IV at 298K spectra normalised at 750 nm. For spectra 
containing 29 560-500 nm was not recorded due to detector limits.  
 
 
Figure 27 Quat,39 and Quat·39 spectra in Yubase IV at 298K. Spectra normalised at 750 nm. 
 
It was hypothesised that the PDI was adsorbing onto the surface of the PAH and 
precipitating thus leading to decreased amounts of 29 in solution. To test this hypothesis 
HBC, Quat and BPD were stirred in 0.2 mM 29 solutions in Yubase IV for 24h to work 
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even further away from the solubility limit of 29 (Figure 28). If decreased absorbance of 




Figure 28 0.2 mM 29, 29·HBC,29·Quat 29·BPD solutions in Yubase IV at 298K. Spectra normalised at 750 nm. 
For spectra containing 29 560-500 nm was not recorded due to detector limits.  
 
The spectra clearly shows a decrease in absorbance for 29 at 450 nm indicating that it is 
indeed absorbing onto the PAH surface and precipitating (Figure 28). This effect is 
exhibited best by HBC, which is most likely due it its shape compared to Quat and BPD. 
The effect in BPD is deemed to be lessened due to its relative solubility compared to HBC 
and Quat, as BPD is more highly aggregated thus less PAH surface is available for 29 to 
adsorb onto.   
 
Finally, a solubilisation experiment of Quat in fully formulated oil with 29 was performed, 
the solution needed a dilution by a factor of 5 due to detector limits. This showed an 





Figure 29 29, Quat and 29·Quat solutions in Fully Formulated oil at 298K. Spectra normalised at 750 nm. 
 
In fully formulated oil the additive package is around 20% by weight of the oil, which 
should increase the solubility of Quat and furthermore no precipitation of 29 was observed 
confirming that 29 is not adsorbing onto the surface as in Yubase IV.  This suggests that 29 
could be used as part of an additive package in a lubricant increase solubilisation of PAH 
precursors formed during combustion and potentially prevent soot agglomeration. The 
elevated temperatures within engine environments during combustion would only assist 
this process. Due to the absorbance of the additive package below 450 nm we were unable 
to study HBC. 
 
 
4.3 Conclusions and future work 
 
The behaviour of PAHs solubility in a range on non-polar environments in the presence of 
solubilising and dispersing agents was ascertained. The NDI core was insufficient in 
increasing the solubility of simple PAHs such as coronene however the extended π-surface 
of PDI allowed for increase solubilisation of coronene in heptane and Quat in squalene 
and fully formulated oils. The reasons behind the relative success in the solubilisation of 
coronene and Quat are two-fold, both PAHs exhibit partial solubility in non-polar media 
and exhibit good shape overlap with 29 in comparison to the others. 
 
It has been shown that aromatic interactions are only able to increase solubility of already 
partially soluble PAHs and not solubilise insoluble PAHs into solution. In the case of 
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flavanthrone and BPD their self-aggregation was of such strength that the presence of 29 
had no effect, which illustrated the difficulties in this area when attempting to disperse or 
solubilise functionalised soot. The failure of 39 to increase the solubilisation any PAHs is 
attributed to its smaller aromatic surface area thus compound 40 may be a good candidate 




Finally dispersion studies using dynamic light scattering or other optical techniques would 
be of interest. UV-visible spectrometry only indicates what is in solution, as such it is not 
known if any of the compounds used increase dispersion of the PAHs in non-polar 
environments. While dispersion is not as preferable as solubilisation it is still an effective 
tool in preventing soot agglomeration.  
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5.1 Chapter 2 Aromatic Interactions in non-polar solvents 
experimental 
 
All reagents were purchased from commercial suppliers: Acros Organics, Alfa Aesar, 
Sigma Aldrich, TCI Europe, Gross or Fluorochem. All reactions monitored using thin layer 
chromatography (TLC) using pre-coated MN Alugram Sil G/UV254 silica gel 60 
aluminium backed plates. Plates were developed using standard techniques, UV light 
followed by a chemical dip, either KMnO4 or bromocresol green. Flash Chromatography 
was performed on chromatography grade, silica 60 Å particle size 35-70 micron from 
Sigma Aldrich using the solvent system as stated. 
 
1H, and 13C was performed on Bruker Advance 250 (1H 250 MHz), Bruker Advance 300 
(1H 300 MHz and 13C 75 MHz), Bruker Advance 400 (1H 400 MHz and 13C 100 MHz) and 
Bruker Advance 500 (1H 500 MHz and 13C 125 MHz) as stated. Chemical shifts are 
reported in parts per million (ppm) relative to tetramethyl silane (δ = 0.00). Coupling 
constants are reported in Hertz (Hz) and signal multiplicity is denoted as singlet (s), 
doublet (d), triplet (t), apparent triplet (apt), quartet (q), multiplet (m) and broad (b). 
HRMS recorded at ESPRC NMSF in Swansea.  
 
Synthesis of symmetrical alkyl NDI General Procedure A: 1,4,5,8-
napthalenetetracarboxylic dianhydride (200mg, 0.744mmol) and corresponding alkyl 
amine (1.49mmol) were suspended in 6ml DMF in a pressure tight microwave tube. This 
was then sonicated until the mixture was homogenous. The reaction was heated under 
microwave irradiation at 140oC for 10-20 minutes(Power Max 200W). The solvent was 
then removed under reduced pressure, then added to vigorously stirred 1M HCl for 30 
minutes and then filtered or extracted with chloroform the solvent removed under reduced 
pressure and dried under vacuo.    
 
Synthesis of 1 
 
General Procedure A was used 10 minutes 140oC NMR and filtered: 1,4,5,8-
napthalenetetracarboxylic dianhydride (100mg, 0.372mmol) and corresponding 2-
ethylhexylamine (0.12ml 0.744mmol) yielded brown solid (141mg, 78%) 1H NMR (300 
MHz, CDCl3, 298K ): 8.76 (4H,s), 4.12(4H,m), 1.94 (2H,m), 1.35 (16H,m), 0.90 (12H,m) 
13C NMR (75MHz, CDCl3, 298K ): 163.3, 131.0, 126.8, 126.6, 44.6, 37.9, 30.7, 28.6, 







Synthesis of 2 
 
 
General Procedure A was used: 1,4,5,8-napthalenetetracarboxylic dianhydride (200 mg, 
0.744mmol) and corresponding dodecylamine (289mg  0.744mmol) yielded pink solid 
(402 mg, 90%) (300 MHz, CDCl3, 298K ): 8.76 (4H,s),  4.19 (4H,t,J=7.7Hz), 1.74 (4H,m) 
1.25 (36H,m), 0.87 (6H,t,J=7.0Hz) 13C NMR (75MHz, CDCl3, 298K ): 162.9, 131.0, 
126.7, 41.0, 32.0, 29.7, 29.6, 29.5, 29.4, 28.1, 27.1, 22.7, 14.2 Spectra matches that 
previously reported by Iverson and co-workers.2 
 
Synthesis of 3   
 
 
General Procedure A was used 20 minutes 140oC NMR and extracted using chloroform: 
1,4,5,8-napthalenetetracarboxylic dianhydride (200mg, 0.744mmol) and corresponding 
Tomamine (0.45ml 1.48mmol) yielded brown residue (518mg, 93%) 1H NMR (300 MHz, 
CDCl3, 298K): 8.75 (4H,s), 4.31 (4H,t, J=14.2Hz), 3.56 (4H,t, J=5.9Hz), 3.38 (4H,m), 1.97 
(4H,m)  1.5-1.1 (24H,m), 0.74 (14H,m) 13C NMR (75 MHz, CDCl3, 298K ): 163.1. 131.1, 
126.9, 126.8, 71.6, 71.2, 69.5, 68.9, 39.0, 31.1, 29.6, 28.4, 27.4, 26.9, 22.8, 19.8, 14.7, 










Synthesis of 4 
 
Potassium carbonate 1.55g (10.12mmol) was suspended in 50ml of acetonitrile and was 
sonicated for 30 mins then degassed using N2 for 30 minutes. 1.8g (0.937mmol) of 2-
ethylhexylbromide was then added. After which 300mg (0.187mmol) of 1,5-
dihydroxynaphthalene suspended in sonicated acetonitrile and added via a dropping funnel. 
The reaction is then refluxed under N2 for 24h. The reaction mixture is then filtered, the 
filtrate collected and solvent removed under reduced pressure. The residue is then 
dissolved in chloroform and washed with 1M HCl, Brine, water. The organics are then 
dried over MgSO4. The solvent is removed under reduced pressure and dried under vacuo 
to yield a brown residue (0.611g, 85%). 1H NMR (300 MHz, CDCl3, 298K ): 7.83 (2H,d, 
J=8.4Hz) 7.35 (2H,t, J=7.9Hz), 6.83 (2H,d, J=7.6Hz), 4.02 (4H,m), 1.87 (2H,m),  1.58 
(6H,m), 1.36(10H,m), 0.95 (12H,m) 13C NMR (75 MHz, CDCl3, 298K ): 154.9, 126.9, 
125.1, 114.0, 105.0, 70.3, 39.6 , 30.9, 29.2, 24.2, 23.1, 14.1, 11.3 (Mass ESI): Mass 
Calculated: 384.3101  Mass Found: M+H 385.3098 
       
 
 
Synthesis of 5  
 
Potassium carbonate 1.55g (10.12mmol) was suspended in 50ml of acetonitrile and was 
sonicated for 30 mins then degassed using N2 for 30 minutes. 1.8g (0.937mmol) of 2-
ethylhexylbromide was then added. After which 300mg (0.187mmol) of 1,5-
dihydroxynaphthalene suspended in sonicated acetonitrile and added via a dropping funnel. 
The reaction is then refluxed under N2 for 24h. The reaction mixture is then filtered, the 
filtrate collected and solvent removed under reduced pressure. The residue is then 
dissolved in chloroform and washed with 1M HCl, Brine, water. The organics are then 
dried over MgSO4. The solvent is removed under reduced pressure and dried under vacuo 
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to yield a brown residue (0.551g, 77%). 1H NMR (300 MHz, CDCl3, 298K ): 7.61 (2H,d, 
J=8.7Hz) 7.12 (4H,m), 3.94(4H,m) 1.78 (2H,m),  1.50 (6H,m), 1.35(10H,m), 0.94 (12H,m) 
13C NMR (75 MHz, CDCl3, 298K ): 155.8, 129.7, 127.9, 119.2, 106.9, 70.6, 39.4, 39.2, 
30.6, 29.1, 24.0, 23.1, 22.9, 14.1, 11.2, 10.9 Mass Calculated: 384.3101  Mass Found: 
M+H 385.3099 
 
Synthesis of 6 and 7   
 
1,2-disulphonylchloridebenzene (213mg, 0.776mmol) and NEt3 (0.21ml, 1.55mmol) were 
dissolved in 200ml of dry DCM and was degassed for 30 mins then refluxed for 72 hours. 
Tomamine (0.223ml, 0.776mmol) was dissolved in 20ml of dry DCM and degassed for 30 
mins it was then added over 72 hours to the refluxing solution at 0.28 ml/H. The reaction 
mixture was then refluxed for a further 2 hours. The mixture was then washed with 1M 
HCl and water and the organics dried over MgSO4. The solvent was then removed under 
reduced pressure to yield a colourless oil.(323mg, 91%) 10 and 11 cannot be isolated NMR 
shows mixture of compounds 
 
Synthesis of 83 
 
A mixture of 2-octyl-1-dodecanol (8.87 g, 29.7 mmol) and triphenylphosphine (11.7 g, 
44.6 mmol) was dissolved in 300 mL THF under ambient conditions. Bromine (18.8 g, 118 
mmol) was added slowly and the solution is stirred for 3 h. After this time 6 mL MeOH are 
added and the solvent is removed. The residue is suspended in hexane and the non-soluble 
part is removed by filtration. After evaporation of the solvent from the filtrate the obtained 
oil is purified by column chromatography (hexane) yielding the bromoalkane (7.72 g, 
89%) as a colourless oil. 1H NMR (300 MHz, CDCl3, 298K): 3.44 (2H, d, J=4.8Hz), 1.58 














Synthesis of 9 
 
 
2-octyldodecanol 20g (67.0 mol) and trimethylamine 7.1g (70.4 mol) were dissolved in 
200ml of DCM. The solution was cooled to 0 oC and Mesyl chloride 8.1g (70.4 mol) added 
slowly. The solution was allowed to stir for 48h, and then washed with water, 1M HCl and 
brine. The organics dried over MgSO4 and the solvent removed under reduced pressure to 
yield a colourless oil (25g, 97%) 1H NMR 1H NMR (300 MHz, CDCl3, 298K): 4.11 
(2H,d,J=5.6Hz), 3.00 (3H,s,), 1.70 (1H,m), 1.26 (32H,s), 0.88 (6H,t,J=6.6Hz) 13C NMR 
(125 MHz, CDCl3, 298K ): 72.7, 37.9, 37.3, 32.1, 32.0, 30.8, 30.0, 29.8, 29.7, 29.69, 




Synthesis of 104  
 
1-Bromo-2-octyldodecane (2.32 g, 6.42 mmol) and potassium phthalimide (1.31 g, 7.06 
mmol) were dissolved in 10 ml of DMF and stirred for 10 h at 90 oC. After the mixture was 
cooled, it was poured to water (100 mL) and extracted with CH2Cl2. The combined organic 
layer was washed with 0.10 % KOH aq., water and saturated NH4Cl aq. (150 mL). The 
solvent was then removed under reduced pressure and the residue suspended in hexane and 
the non-soluble part removed by filtration. The solvent was then removed under reduced 
pressure to yield a colourless oil (2.30 g, 84 %). 1H NMR (300 MHz, CDCl3, 298K): 7.84 
(2H, m), 7.71 (2H, m), 3.56 (2H, d, J=7.3Hz), 1.87 (1H, m), 1.23 (32H, m), 0.86 (6H, m); 
the 1H NMR spectrum matches the literature data.4 
 
Synthesis of 114  
 
To a solution of N-(2-octyldodecyl)phthalimide (2.30 g, 5.38 mmol) in MeOH (30ml mL), 
hydrazine monohydride (0.809g, 16.4 mmol) was added. After the mixture was refluxed 
for 8 h, it was cool and then evaporated under vacuum. The residue was dissolved in 
dichloromethane and washed with 10 wt% KOH aq. (100 mL x2). The aqueous layer was 
extract with dichloromethane (50 mL × 3). The organic layer was combined and washed 
with the saturated NaCl aq. (100 mL x2), dried over anhydrous MgSO4. The organic layer 
was concentrated to give a colorless oil (1.49 g, 96%). 1H NMR (300 MHz, CDCl3, 298K): 
134 
 
2.63 (2H, d, J=5.1Hz), 1.26 (33H, m), 0.88 (6H, t, J=6.8Hz) ; the 1H NMR spectrum 
matches the literature data.4  
 
 
Synthesis of 12 
 
Potassium carbonate 1.55g (10.12mmol) was suspended in 50ml of acetonitrile and was 
sonicated for 30 mins then purged with N2 for 30 minutes. To this mixture 5 1.5g 
(4.15mmol) was added in one portion. After which 250mg (0.156mmol) of 1,5-
dihydroxynaphthalene, previously suspended via sonication in acetonitrile, was added 
using a dropping funnel. The reaction is then refluxed under N2 for 24h. The reaction 
mixture is then filtered, the filtrate collected and solvent removed under reduced pressure. 
The residue is then dissolved in chloroform and washed with 1M HCl, brine, water. The 
organics are then dried over MgSO4. The solvent is removed under reduced pressure and 
dried under vacuo to yield a brown residue. The residue was then dissolved in 20ml of 
DMF excess potassium phthalimide added and stirred for 10h at 90 oC. After the mixture 
was cooled, it was poured into water (150 mL) and extracted with CH2Cl2. The combined 
organic layer was washed with 10% KOH aq., water and saturated NH4Cl aq. The solvent 
was then removed under reduced pressure. The oil was then purified by flash column 
chromatography (hexane then to 4:1 hexane:CH2Cl2) to obtain a yellow oil (0.560g, 50%) 
1H NMR (300 MHz, CDCl3, 298K): 7.83 (2H, d, J=8.5Hz), 7.34 (2H, ap t, J=5.9Hz), 6.82 
(2H, d, J=7.6Hz), 4.00 (4H, d, J=5.4Hz), 1.99 (2H, m), 1.26 (64H, m), 0.87 (12H, m) 13C 
NMR (125 MHz, CDCl3, 298K ): 154.89, 126.88, 125.03, 114.03, 108.3, 105.1, 70.84, 
38.10, 36.10 31.93, 31.69, 30.05, 29.69, 29.66, 29.61, 29.48, 27.85, 26.96, 22.70, 14.13 
HRMS calc M+H: (C50H88O2): 721.6863 M+H found: 721.6857 
  
 
Synthesis of 13 
 
Potassium carbonate 1.12g (8.12mmol) was suspended in 50ml of acetonitrile and was 
sonicated for 30 mins then purged with N2 for 30 minutes. 5 2.7g (7.5mmol)  was added in 
one portion. After which 200mg (0.125mmol) of 2,6-dihydroxynaphthalene, previously 
suspended via sonication in acetonitrile, was added using a dropping funnel. The reaction 
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is then refluxed under N2 for 24h. The reaction mixture is then filtered, the filtrate 
collected and solvent removed under reduced pressure. The residue is then dissolved in 
chloroform and washed with 1M HCl, brine, water. The organics are then dried over 
MgSO4. The solvent is removed under reduced pressure and dried under vacuo to yield a 
brown residue. The residue was then dissolved in 20ml of DMF excess potassium 
phthalimide added and stirred for 10h at 90 oC. After the mixture was cooled, it was poured 
into water (150 mL) and extracted with CH2Cl2. The combined organic layer was washed 
with 10% KOH aq., water and saturated NH4Cl aq. The solvent was then removed under 
reduced pressure. The oil was then purified by flash column chromatography (hexane then 
to 4:1 hexane:CH2Cl2) to obtain a yellow oil (0.428 g, 47%) 1H NMR (300 MHz, CDCl3, 
298K): 7.60 (2H, d, J=8.7Hz), 7.10 (4H, m), 3.91 (4H, d, J=6.0Hz), 1.82 (2H, m), 1.27 
(64H, m), 0.88 (12H, m) 13C NMR (125 MHz, CDCl3, 298K ): 155.76, 129.66, 127.92, 
119.28, 106.84, 70.95, 37.97, 31.95, 31.44, 30.07, 29.71, 29.68, 29.64, 29.38, 26.89, 22.73, 
14.17 HRMS calc M+H: (C50H88O2): 721.6863 M+H found: 721.6854 
 
Synthesis of 14   
 
 
1,4,5,8-napthalenetetracarboxylic dianhydride (150mg, 0.558mmol) and 7 (331mg 
1.12mmol) were suspended in 6ml DMF in a pressure tight microwave tube. This was then 
sonicated until the mixture was homogenous. The reaction was heated under microwave 
irradiation at 140oC for 20 minutes(Power Max 200W). The solvent was then removed 
under reduced pressure, then added to vigorously stirred 1M HCl for 30 minutes and 
extracted with chloroform the solvent removed under reduced pressure and dried under 
vacuo yielded brown solid (434mg, 94%) 1H NMR (300 MHz, CDCl3, 298K): 8.76 (4H, s), 
4.12 (4H, d, J=7.3Hz), 1.98 (2H, m) 1.21 (64H, m), 0.86 (12H, m) 13C NMR (125 MHz, 
CDCl3, 298K ): 163.24, 131.03, 126.76, 126.61, 44.98, 36.62, 31.92, 31.88, 31.66, 30.01, 
29.62, 29.55, 29.33, 29.29, 26.43, 22.69, 22.66, 14.12 HRMS calc M+H: 827.660 M+H 










NMR Titration of 1.4 Ethylhexyls  
1H NMR titration data 9.98 mM 1 and increasing concentration of 4  




































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.6ml of 
9.98 mM 1 in a dry NMR tube with increasing amounts of a solution containing 100.54 










NMR Titration of 3.4 Tomamine Ethylhexyls  
1H NMR titration data 10.03 mM 3 and increasing concentration of 4  
 

























T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.6ml of 
10.03 mM 3 in a dry NMR tube with increasing amounts of a solution containing 100.30 





Figure 2 3·4 NMR Titration Fit 
 
 
NMR Titration of 3.4 Tomamine Ethylhexyls 5:1 
1H NMR titration data 10.05 mM 3 and increasing concentration of 4  
 



























T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.6ml of 
10.05 mM 3 in a dry NMR tube with increasing amounts of a solution containing 100.72 
mM 4 and 10.05 mM 3. Studied in heptane : chloroform-d  5:1. 
 
 
Figure 3 NMR fit of 3·4 
 
VT-NMR dimerisation model: Analysis of chemical shift variation with Temperature5 
The following abbreviations, CSM = chemical shift monomer, CSD = chemical shift 
dimer, c = initial concentration assuming that all material is present in the monomeric 
form, CSO = chemical shift observed, x = concentration of the dimer at equilibrium, K = 
equilibrium constant, were used in the equations that can be defined to describe the 
equilibrium. 
 
                                                     2 M                D 
Initial concentration                         c                                   0 
Concentration at equilibrium       c-2x                                   x 
 
CSO = CSM (c -2x)/c + 2 x CSD/c 
x = c (CSO-CSM)/[2 (CSD-CSM)] 



















VT-NMR Isodesmic Model6                                    
 
The self-assembly of the DN and NDI aggregates was studied using temperature dependent 
1H NMR. The temperature-dependant data was fitted to the isodesmic model using the 
Boltzmann equation7:  
 
𝑦 = 𝐴2 + 
𝐴1− 𝐴2
1 + exp [𝑥 −  𝑥0𝑑𝑥 ]
 
 
Where A1 = minimum value of the physical parameter monitored 
             A2 = maximum value of the physical parameter monitored 
             x0 = melting temperature (Tm when Øagg = 0.5) 
            dx = characteristic temperature that is related to the slope of the function at the 
melting temperature (T*). 
This slope is related to ΔH via: 





The degree of aggregation, Ø, as a function of temperature, T is given by: 
 
∅(𝑇) ≅  
1
1 + exp [−0.908∆𝐻 𝑇 − 𝑇𝑚𝑅𝑇𝑚2
]
 
From the degree of aggregation, the number-averaged degree of polymerisation DPN can 
be calculated directly, via: 
 
𝐷𝑃𝑁(𝑇) =  
1
√1 −  ∅(𝑇)
 
 
The DPN can then be related to the total concentration of molecules CT, and the association 
constant K, via8: 
 






4𝐾𝐶𝑇 + 1 
 
From this equation the distribution of material was calculated using the following 
equations. 
𝐶1 =  
2𝐾𝐶𝑇 + 1 − √4𝐾𝐶𝑇 + 1
2𝐾2𝐶𝑇
 




The number average aggregate size or the mean number of monomers per π-stack (Nmers) 
can be calculated, via7,9–12:  
 




𝐶1 + 2𝐶2 + 3𝐶3 + ⋯ + 𝑛𝐶𝑛
𝐶1 + 𝐶2 + 𝐶3 + ⋯ + 𝐶𝑛
 
 
VT-NMR was performed on a Bruker Advance 500 (1H 500 MHz). On a 0.6ml solution in 
a dry NMR tube of 5.5mM 1 or 1:1 1.2 26.9mM solution. Studied in heptane : octane-d18 : 




Figure S4 VT NMR data and Fit of 14 
 































Figure S6 VT NMR data and Fit of 12.14 
  

































Number per Stack 
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Heptane Dilutions  
 
Dilution Data for 14              Dilution Data for 12           Dilution data for 13 





















































































   
T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). DN 
compounds most downfield peak monitored. All studied in heptane : octane-d18 : 1,1,2,2-
tetrachloroethane 95.2 : 4.8 : 0.1 
A dimerization model was fit to the dilution data as per Bogdan et al.13 using SciDavis.  





All fits are shown below:  
 
Figure S8 Dilution Data and Fit of 14 
 
 




Figure S10 Dilution Data and Fit of 13 
 
Heptane 1H-NMR Titrations 
1H NMR titration data 24.96mM 14 and increasing concentration of 12   
 



























T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.6ml of 
24.96mM 14 in a dry NMR tube with increasing amounts of a solution containing 
252.4mM 12 and 24.96mM 14. Studied in heptane : octane-d18 : 1,1,2,2-tetrachloroethane 
95.2 : 4.8 : 0.1 
 
1H NMR titration data 24.96mM 14 and increasing concentration of 13   





























T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.6ml of 
24.96mM 14 in a dry NMR tube with increasing amounts of a solution containing 
249.4mM 13 and 24.96mM 14. Studied in heptane : octane-d18 : 1,1,2,2-tetrachloroethane 











1H NMR titration data 24.90mM 14 and increasing concentration of 4   




























T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.6ml of 
24.90mM 14 in a dry NMR tube with increasing amounts of a solution containing 
252.2mM 4 and 24.90mM 14. Studied in heptane : octane-d18 : 1,1,2,2-tetrachloroethane 
95.2 : 4.8 : 0.1 
 
 
A 1:1 binding model14 was fit to the 1H NMR titration data. The fit was performed in 
SciDavis the equation is show below:  
 














All fits are shown below:  
 
 
Figure S11 1H NMR Titration and Fit of 12.14 
 
Figure S12 1H NMR Titration and Fit of 13.4 
 
Figure S13 1H NMR Titration and Fit of 4.14UV-vis Titrations 
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Heptane UV-Vis Titrations 
 
UV titrations were performed on a Chirascan CD spectrometer or a Perkin Elmer lambda 
650.. T = 25 °C, carried out in heptane initial  0.5ml of 25mM of  with increasing amounts 
of a solution containing 250mM  12,13 or 4 and 25mM 41. The same binding model as per 
12.14 and 12.14 was used.14 Spectra and Fitted traces obtained are shown below (Blue: 0 
Equiv. of DN; Green: 1 Equiv. of DN, Red: 3 Equiv. of DN): 
 
UV-Vis titration data 25.04mM 14 and increasing concentration of 12   




























0.5ml of 25.04mM of  14 in heptane with increasing amounts of a solution containing 




Figure S14 UV-vis Titration Spectra of 12.14 normalised at 650nm 
 
 















UV-Vis titration data 25.06mM 14 and increasing concentration of 13   



























0.5ml of 25.06mM of  14 in heptane with increasing amounts of a solution containing 
250.8mM 13 and 25.06 mM 14. 
 
 
UV Titration of 13.14 
 




Figure S17 UV-vis Titration Data and Fit of 13.34 
 
 
UV-Vis titration data 24.93mM 14 and increasing concentration of 4   



























0.5ml of 24.93mM of  14 in heptane with increasing amounts of a solution containing 





Figure S18 UV-vis Titration Spectra of 4.14 Normalised at 600nm  
 
 















ITC Data in Heptane 
 
ITC was performed on a Microcal Inc. MCS-ITC Micro Calorimetry unit. Data was then 
analysed using IC2ITC software using a dimerization model or aggregation model.15,16  
 
In the case of single compound dilution of 14 a stock 110.0 mM solution was programmed 
to be titrated into heptane (1.8mL) in 7.50uL injections of 9.43 second duration at 480 
second intervals.(Actual injection of 7.50044 as reported by MCS-ITC)  Raw ITC data, 

































Figure S22 Kdim of 14 
 
In the case of single compound dilutions of 12 and 13 a stock 150.0 mM solution was 
programmed to be titrated into heptane (1.8 mL) in 15.00 uL injections of 9.43 seconds 
injection time at 480 second intervals.(Actual injection of 14.99959uL as reported by 
MCS-ITC)  Raw ITC data (initial 2.004 uL injection omitted from raw data), Experimental 
and calculated heat exchanges St.dev2/ Dof vs Kdim graphs shown below: 
 
 























Figure 24 Experimental (blue) and calculated (red) heat exchanges of 12 
 










































































The titration the cell was filled with 1ml of 24.92mM 14 in heptane and 376.0 mM of 12 in 
heptane were programmed to be titrated into at 5.00 uL injections of a duration of 6.29 
seconds at 440 second intervals (initial  2.004 uL injections shown in raw data omitted 
from calculations, actual injection of 4.99456 uL as reported by MCS-ITC) ) . Raw ITC 
















Figure 30 Experimental (blue) and calculated (red) heat exchanges of 12.14  
 
 
Figure 31 Kagg of 12.14  
 
The titration the cell was filled with 1ml of 24.94 mM 14 in heptane and 375.0 mM of 13 
in heptane were programmed to be titrated into it at 5.00 uL injections of a duration of 6.29 
seconds at 440s intervals x15 and 2.00 uL injections at duration of 5.04 secs at 440 second 
intervals, ((initial  2.004 uL injections shown in raw data omitted from calculations and 
Injection 13 omitted from calculations, actual injections were 4.99456 uL and 2.004 uL as 
reported by MCS ITC) . Raw ITC data, Experimental and calculated heat exchanges and 













































Figure 32 Raw ITC data of 13.14 
 



























Figure 34 Kagg of 13.14 
The titration the cell was filled with 1ml of 25.02 mM 14 in heptane and 0.375mM of 4 in 
heptane were programmed to be titrated into it at 5.00 uL injections of a duration of 6.29 
seconds at 480s intervals x23, (initial  2.004 uL injections shown in raw data omitted from 
calculations, actual injections were 4.99456 uL and 2.004 uL as reported by MCS ITC) . 
Raw ITC data, Experimental and calculated heat exchanges and St.dev2/ Dof vs Kagg 
graphs shown below: 
 
 























Figure 36 Experimental (blue) and calculated (red) heat exchanges of 4.14 
 



























































Chloroform and TCE Dilutions and Titrations 
 
NMR Dilution 









































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). DN 
compounds most downfield peak monitored. Studied in duetero-chloroform filtered 








NMR Titrations in Chloroform 
 
1H NMR titration data 24.97mM 14 and increasing concentration of 12   
 






































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.5ml of 
24.97mM 1 in a dry NMR tube with increasing amounts of a solution containing 251.01 




Figure 39 1H NMR Titration and Fit of 12.14 in chloroform 
 



















































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.5ml of 
24.88 mM 14 in a dry NMR tube with increasing amounts of a solution containing 253.37 
mM 13 and 24.92mM 14. Studied in dry Chloroform-d1, filtered over K2CO3. 
 
 







UV titrations were performed on a Chirascan CD spectrometer. T = 25 °C, carried out in 
Chloroform initial  0.25ml or 0.5ml of 25mM of  with increasing amounts of a solution 
containing 250mM 12 or 13 and 25mM 14. The same binding model as per NMR titrations 
of 1.2 and 1.3 was used.14 Spectra and Fitted traces obtained are shown below (Blue: 0 
Equiv. of DN; Green: 1 Equiv. of DN, Red: 3 Equiv. of DN): 
 
0.25ml of 24.19 mM of 14 in chloroform with increasing amounts of a solution containing 
253.03 mM 12 and 24.19mM 14.  As can be seen below no CT complex is observed. 
 
 
Figure 41 UV-vis Titration Spectra of 12.14 Normalised at 600nm 
 
0.25ml of 24.94 mM of 14 in chloroform with increasing amounts of a solution containing 











Isothermal Calorimetry in TCE 
 
ITC was performed on a Microcal Inc. MCS-ITC Micro Calorimetry unit. Data was then 
analysed using IC2ITC software using an aggregation model.2,3  
 
In the case of single compound dilution of 14 a stock 110.12mM solution was programmed 
to be titrated into dibutylether (1.0 mL) in 7.50uL injections of 9.43 second duration at 480 
second intervals (initial  2.004 uL injections shown in raw data omitted from calculations, 
actual injection of 7.50775 uL as reported by MCS-ITC) Raw ITC data, Experimental 
(blue) and calculated (red) heat exchanges and St.dev2/ Dof vs Kagg graphs shown below: 
 
 
































Figure 45 Kagg of 14 
 
The titration the cell was filled with 0.7 ml of 24.99mM 14 in TCE and 377.22 mM of 12 
in TCE were programmed to be titrated into at 3.00 uL injections of a duration of 6.29 
seconds at 440 second intervals (initial  2.004 uL injections shown in raw data omitted 
from calculations, actual injection of 3.00628 uL as reported by MCS-ITC) ) . Raw ITC 
data, Experimental (blue) and calculated (red) heat exchanges and St.dev2/ Dof vs Kagg 






























Figure 48 Kagg of 12.14 
 
 
The titration the cell was filled with 1.0 ml of 24.99mM 14 in TCE and 373.87 mM of 13 
in TCE were programmed to be titrated into at 5.00 uL injections of a duration of 6.29 
seconds at 440 second intervals (initial  2.004 uL injections shown in raw data omitted 
from calculations, actual injection of 3.00628 uL as reported by MCS-ITC) ) . Raw ITC 
data, Experimental (blue) and calculated (red) heat exchanges and St.dev2/ Dof vs Kagg 


















































































Figure 51 Kagg of 13.13 
Methylcyclohexane Dilutions and Titrations 
 
NMR Dilution  
 















































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS).. Studied in 
























Figure 52 Dilution 14 in MCH 
 
NMR Titrations in MCH 
 
1H NMR titration data 24.93mM 14 and increasing concentration of 12   
 















































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.6ml of 
24.93mM 14 in a dry NMR tube with increasing amounts of a solution containing 
173 
 
247.3mM 12 and 24.92mM 14. Studied in methylcyclohexane : methylcyclohexane-d14 : 




1H NMR titration data 24.92mM 14 and increasing concentration of 13   
 















































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.6ml of 
24.86mM 14 in a dry NMR tube with increasing amounts of a solution containing 
251.0mM 13 and 24.86mM 14. Studied in methylcyclohexane : methylcyclohexane-d14 : 
1,1,2,2-tetrachloroethane 95.2 : 4.8 : 0.1 
 







Figure 531H NMR Titration and Fit of 12.14 in MCH 
 
 



















UV-vis Titrations in MCH 
 
UV titrations were performed on a Chirascan CD spectrometer or a Perkin Elmer lambda 
650. T = 25 °C, carried out in methylcyclohexane initial  0.25ml or 0.5ml of 25mM of  
with increasing amounts of a solution containing 250mM 12 or 13 and 25mM 14. The 
same binding model as per NMR titrations of 12.14 and 13.14 was used.14 Spectra and 
Fitted traces obtained are shown below (Blue: 0 Equiv. of DN; Green: 1 Equiv. of DN, 
Red: 3 Equiv. of DN): 
 
 
UV-Vis titration data 24.93mM 14 and increasing concentration of 12   
 

















































Table 1 12.14 Titration Data 
 
0.5ml of 24.93mM of  14 in methylcyclohexane with increasing amounts of a solution 







Figure 55 UV-vis Titration Spectra of 12.14 in MCH Normalised at 600nm 
 
 
















UV-Vis titration data 24.86mM 14 and increasing concentration of 13   
 








































0.5ml of 24.86mM of  14 in methylcyclohexane with increasing amounts of a solution 
containing 249.8mM 13 and 25.04mM 14 
 
 











































Isothermal Calorimetry in MCH 
 
ITC was performed on a Microcal Inc. MCS-ITC Micro Calorimetry unit. Data was then 
analysed using IC2ITC software using an aggregation model.2,3  
 
In the case of single compound dilution of 14 a stock 149.4mM solution was programmed 
to be titrated into methylcyclohexane (1.8mL) in 5.00uL injections of 9.43 second duration 
at 480 second intervals.(Actual injection of 5.01047 as reported by MCS-ITC)  Raw ITC 




Figure 59 Raw ITC data of 14 
 
 




























Figure 61 Kagg of 14 
 
The titration the cell was filled with 1ml of 24.92mM 14 in methylcyclohexane and 
0.3748M of 12 in methylcyclohexane were programmed to be titrated into at 5.00 uL 
injections of a duration of 6.29 seconds at 440 second intervals (initial  2.004 uL injections 
shown in raw data omitted from calculations, actual injection of 4.99456 uL as reported by 
MCS-ITC) ) . Raw ITC data, Experimental and calculated heat exchanges and St.dev2/ Dof 
vs Kagg graphs shown below: 
 
 


























Figure 64 Kagg of 12.14 
 
 
The titration the cell was filled with 1ml of 25.19mM 14 in methylcyclohexane and 
0.369M of 13 in methylcyclohexane were programmed to be titrated into at 5.00 uL 
injections of a duration of 6.29 seconds at 440 second intervals (initial 2.004 uL injections 
shown in raw data omitted from calculations, actual injection of 4.99456 uL as reported by 
MCS-ITC) ) . Raw ITC data, Experimental and calculated heat exchanges and St.dev2/ Dof 











































Figure 65 Raw ITC data of 13.14 
 
 
































Figure 67 Kagg of 13.14 
 
 















































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS).. Studied in 



























NMR Titrations in DBE 
 
1H NMR titration data 24.90mM 14 and increasing concentration of 12  
 














































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.5ml of 
24.90mM 14 in a dry NMR tube with increasing amounts of a solution containing 
252.7mM 12 and 24.92mM 14. Studied in Dibutylether: octane-d18 : 1,1,2,2-
tetrachloroethane 95.2 : 4.8 : 0.1 
 
 
1H NMR titration data 24.92mM 14 and increasing concentration of 13   
 











































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.5ml of 
24.92mM 14 in a dry NMR tube with increasing amounts of a solution containing 
252.3mM 13 and 24.92mM 14. Studied in Dibutylether: octane-d18 : 1,1,2,2-
tetrachloroethane 95.2 : 4.8 : 0.1 
 









Figure 69 1H NMR Titration and Fit of 12.14 
 
 



















UV-vis Titrations in DBE 
 
UV titrations were performed on a Chirascan CD spectrometer or a Perkin Elmer lambda 
650. T = 25 °C, carried out in dibutylether initial  0.25ml of 25 mM of  with increasing 
amounts of a solution containing 250.0 mM 12 or 13 and 25mM 14. The same binding 
model as per NMR titrations of 12.14 and 13.14 was used.14 Spectra and Fitted traces 
obtained are shown below (Blue: ~0 Equiv. of DN; Green: ~1 Equiv. of DN, Red: ~3 
Equiv. of DN): 
 
UV-Vis titration data 25.02mM 14 and increasing concentration of 12  
 















































0.25ml of 24.97 mM of  14 in dibutylether with increasing amounts of a solution 



































UV-Vis titration data 24.97mM 14 and increasing concentration of 13 
 

















































Figure 73 Titration Data 
 
0.25ml of 24.97mM of 14 in dibutylether with increasing amounts of a solution containing 









Figure 74 UV-vis Titration Spectra of 13.14 Normalised at 600nm 
 
 
Figure 75 UV-Vis Titration and Fit of 13.14  
 
 
Isothermal Calorimetry in DBE 
 
ITC was performed on a Microcal Inc. MCS-ITC Micro Calorimetry unit. Data was then 
analysed using IC2ITC software using an aggregation model.2,3  
 
In the case of single compound dilution of 14 a stock 109.7mM solution was programmed 
to be titrated into dibutylether (1.8mL) in 5.00uL injections of 9.43 second duration at 480 
second intervals.(Actual injection of 5.01047 as reported by MCS-ITC)  Raw ITC data, 







Figure 76 Raw ITC data of 14 
 
 































The cell was filled with 1ml of 24.97mM 14 in dibutylether and 374.6 mM of 12 in 
dibutylether were programmed to be titrated into at 5.00 uL injections of a duration of 6.29 
seconds at 440 second intervals (initial  2.004 uL injections shown in raw data omitted 
from calculations, actual injection of 4.99456 uL as reported by MCS-ITC) ) . Raw ITC 
data, Experimental (blue) and calculated (red) heat exchanges and St.dev2/ Dof vs Kagg 
























Figure 80 Experimental (blue) and calculated (red) heat exchanges of 12.14 
 
Figure 81 Kagg of 12.14 
 
 
The cell was filled with 1ml of 24.93mM 14 in dibutylether and 374.6 mM of 13 in 
dibutylether were programmed to be titrated into at 5.00 uL injections of a duration of 6.29 
seconds at 440 second intervals (initial  2.004 uL injections shown in raw data omitted 
from calculations, actual injection of 4.99456 uL as reported by MCS-ITC) ) . Raw ITC 
data, Experimental (blue) and calculated (red) heat exchanges and St.dev2/ Dof vs Kagg 











































Figure 82 Raw ITC data of 13.14 
 












































Squalene 1H-NMR Titrations  
 
 
























































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.5ml of 
25.49 mM 14 in a dry NMR tube with increasing amounts of a solution containing 249.64 
mM 12 and 24.87mM 14. Studied in Squalene: octane-d18 : 1,1,2,2-tetrachloroethane 95.2 : 




Figure 85 1H NMR Titration and Fit of 12.14 
 
 






































T = 25 °C; concentrations are M and chemical shifts are ppm (relative to TMS). 0.5ml of 
24.92 mM 14 in a dry NMR tube with increasing amounts of a solution containing 253.62 
mM 13 and 24.92mM 14. Studied in Squalene: octane-d18 : 1,1,2,2-tetrachloroethane 95.2 : 
















Thermodynamic Functions from Isothermal Calorimetry  
 
 
Determined by Origin data analysis for ITC using 1:1 model with n set to 1.  
 
 
Figure 87 12·14 in Heptane Origin fit 
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5.2 Chapter 3 Utilisation of D-A interactions in Friction 
modifiers experimental 
 
Synthesis of 15  
 
1,4,5,8-napthalenetetracarboxylic dianhydride (387mg, 1.44mmol) and corresponding 
alkyl amine (428mg, 1.44mmol) were suspended in 6ml DMF in a pressure tight 
microwave tube. This was then sonicated for 1 hour. The reaction was heated under 
microwave irradiation at 60 oC for 30 min then 140oC for 20 min(Power Max 200W). The 
solvent was then removed under reduced pressure, added to vigorously stirred 1M HCl, 
which was then extracted with chloroform and washed with brine. The organics were then 
dried over MgSO4 and the solvent removed under reduced pressure. The brown solid was 
then dried under vacuo. (685mg, 87%) 1H NMR (300 MHz, CDCl3, 298K): 8.82 (4H,s), 
4.13 (2H,m), 1.99 (1H,brs), 1.23 (32H), 0.87 (6H,m) 13C NMR (125 MHz, CDCl3, 298K ): 
163.3, 162.6, 158.9, 133.2, 131.3, 131.1, 130.7, 128.9, 127.9, 126.9, 126.6, 122.8, 45.2, 
45.0, 36.6, 32.0, 31.9, 31.6, 30.0, 29.7, 29.6, 29.4, 29.3, 26.4, 22.7, 22.6 (Mass FTMS)  
Mass calculated: M+H 548.3370 Mass found: M+H 548.3366 
 
Synthesis of 16 
 
Potassium carbonate 2.44g (18.00mmol) was suspended in 50ml of acetonitrile and 
was sonicated for 30 mins then purged with N2 for 30 minutes. To this mixture 9 4.00g 
(11.00 mmol) was added in one portion. After which 1.77 g (11.00 mmol) of 2,6-
dihydroxynaphthalene, previously suspended via sonication in acetonitrile, was added 
using a dropping funnel. The reaction is then refluxed under N2 for 24h. The reaction 
mixture is then filtered, the filtrate collected and solvent removed under reduced pressure. 
The residue is then dissolved in chloroform and washed with 1M HCl, brine,water. The 
organics were then dried over MgSO4. The solvent was removed under reduced pressure 
and dried under vacuo to yield a brown oil This was then further purified via flash column 
chromatography hexane to hexane:DCM 50:50 (v:v) to yield a brown oil 19%. 1H NMR 
(300 MHz, CDCl3, 298K): 7.62 (1H,d,J=9.0Hz), 7.57 (1H,d,J=8.9Hz), 7.09 (4H,m), 3.91 
(2H,d,J=5.9Hz), 1.83 (1H,m), 1.4-1.2 (32H,m), 0.88 (6H,t,J=7.0Hz) 13C NMR (75 MHz, 
CDCl3, 298K): 156.1, 151.9, 130.0, 129.9, 128.6, 127.8, 119.7, 118.2, 109.9, 107.0, 71.2, 
38.2, 32.1, 31.7, 30.3, 29.9, 29.8, 29.6, 27.1, 22.9, 14.3 FTMS Mass calculated: M+H 











A argon purged solution of TBDMBSCl 1.254g (8.32 mmol) in 25ml DMF was added 
dropwise over 5 minutes into a argon purged flask containing 2,6-dihydroxynaphtalene 
2.00g (12.48 mmol) and 4g of imidazole. The mixture was then allowed to stir for 16h 
under an argon atmosphere. After which 50ml of water and diethyl ether three times 
(50ml) was added and the organics extracted. The organics were subsequently washed with 
water and brine and dried over MgSO4. The solvent was removed under vacuum and the 
crude product purified by flash column chromatography 50:50 hexane:EtOAc to yield a 
white solid  1.71g  63%. 1H NMR (300 MHz, CDCl3, 298K): 7.60 (1H,d,J=9.1Hz), 7.56 
(1H,d,J=8.8Hz), 1.01 (9H,s), 0.23 (6H,s) 13C NMR (75 MHz, CDCl3, 298K): 151.83, 
151.76, 130.2, 130.1, 129.9, 128.5, 127.9, 127.6, 122.8, 122.3, 118.0, 115.1, 114.9, 109.5, 
25.8, 18.3, -4.3 Matches spectra previously reported by Vigilianisi and co-workers.2  
 
 
Synthesis of 18  
 
Compound 17 158mg (0.576 mmol) and sodium hydride 60% in mineral oil 46mg (1.15 
mmol) was added to dry acetonitrile under N2. To which 2-ethylhexyl bromide 0.10 ml 
(0.576 mmol) was added. The mixture was then refluxed under N2 for 24h. The mixture 
was then cooled and quenched with 1 ml of brine. The solvent removed under reduced 
pressure and residue dissolved in chloroform. The organics were washed with water, 
NaHCO3 and brine then subsequently dried over MgSO4. The solvent was removed under 
reduced pressure to yield a white solid 118 mg 53%. (Of note there was some ethylhexyl 
bromide impurity present which was removed in latter steps, also partial deprotection was 
observed and yield assumes all desired product.) 1H NMR (300 MHz, CDCl3, 298K): 7.59 
(2H,m), 7.10 (4H,m), 3.92 (2H,d,J=5.8Hz), 1.78 (1H,m), 1.5-1.2 (8H,m), 1.01 (9H,s,), 0.91 













Synthesis of 19 
 
 
Compound 18 118mg (0.306 mmol) was dissolved in 10 ml dry THF and TBAF 1M in 
THF 0.34 ml (0.337 mmol) was added. The mixture was allowed to stir for 20 mins, after 
which ice was added then diethyl ether. The organics layer was then extracted and washed 
with water, brine and subsequently dried over MgSO4. The solvent was removed under 
reduced pressure to yield a brown oil 101mg 64% (when accounting for partial 
deprotection) 1H NMR (300 MHz, CDCl3, 298K): 7.59 (2H,m), 7.09 (4H,m), 3.92 
(2H,d,J=5.8Hz), 1.78 (1H,m), 1.34 (8H,m), 0.95 (6H,m) 13C NMR (75 MHz, CDCl3, 
298K): 155.8, 151.7, 129.7, 128.4, 127.9, 127.6, 119.3, 109.7, 106.9, 70.5, 39.4, 30.6, 29.7, 




Synthesis of 21 
 
 
Potassium carbonate 3.30g (23.90mmol) was suspended in 50ml of acetonitrile and 
was sonicated for 30 mins then purged with N2 for 30 minutes. To this mixture 
MsOD/BrOD 6.00g (15.90 mmol) was added in one portion. After which 7.66 g (47.90 
mmol) of 1,5-dihydroxynaphthalene, previously suspended via sonication in acetonitrile, 
was added using a dropping funnel. The reaction is then refluxed under N2 for 24h. The 
reaction mixture is then filtered, the filtrate collected and solvent removed under reduced 
pressure. The residue is then dissolved in chloroform and washed with 1M HCl, 
brine,water. The organics were then dried over MgSO4. The solvent was removed under 
reduced pressure and dried under vacuo to yield a brown oil. This was then further purified 
via flash column chromatography hexane to hexane:DCM 50:50 (v:v) to yield a brown oil 
61%. 1H NMR (300 MHz, CDCl3, 298K): 7.87 (1H,d,J=8.8Hz), 7.71 (1H,d,J=8.8Hz), 7.38 
(1H,t,J=8.2Hz), 7.30 (1H,t,J=8.2Hz), 6.84 (2H,m), 5.23 (1H, br s), 4.01 (2H,d,J=5.4Hz), 
1.92 (1H,m), 1.3-1.2 (32H,m), 0.88 (6H,m) 13C NMR (75 MHz, CDCl3, 298K): 155.0, 
151.2, 127.2, 125.4, 125.3, 125.0, 114.9, 113.2, 109.3, 105.0, 70.8, 38.1, 32.0, 31.7, 31.0, 
30.7, 30.1, 29.9, 29.7, 29.4, 27.0, 26.7, 22.7, 14.2 FTMS Mass calculated: M+H 441.3727 













15 500mg (0.985mmol) and Caproic acid 138mg (1.08mmol) were suspended in DMF in a 
pressure tight microwave tube. The mixture was then sonicated for 10 minutes then heated 
at 140 oC under microwave irradiation for 10 minutes. The DMF was removed under 
reduced pressure and the reaction mixture added to vigorously stirring 1M HCl allowed to 
stir for 30 minutes then filtered to yield a brown solid (477mg, 78%). 1H NMR (300 MHz, 
CDCl3, 298K): 8.75 (4H,s), 4.19 (2H,t,J=7.8Hz), 4.13 (2H,d,J=7.4Hz), 2.38 
(2H,t,J=7.1Hz), 1.97 (1H,m), 1.74 (4H,m), 1.49 (2H,m), 1.3-1.1 (32H,m), 0.87 (6H,m) 13C 
NMR (75 MHz, CDCl3, 298K): 178.8, 163.2, 162.9, 131.0, 126.74, 126.71, 126.66, 126.6, 
126.5, 45.0, 40.6, 36.6, 33.7, 31.9, 31.7, 30.0, 29.6, 29.5, 29.4, 29.3, 27.7, 26.4, 24.3, 22.7, 
22.67, 14.1 FTMS Mass calculated: 661.4211 Mass observed: 661.4195 mp: 95 oC 
 
 
Synthesis of 23 
 
 
22 477mg (0.738 mmol), potassium carbonate 306mg (2.21mmol) and methyl iodide 
0.23ml (3.68mmol) were added to 20ml of 5:1 acetone:chloroform in a 50ml round bottom 
flask. The mixture was then stirred for 24h at 50 oC. The reaction mixture was then filtered 
and the solvent removed under reduced pressure. The residue was then dissolved in 
chloroform and washed with brine. The solvent was removed under reduced pressure and 
the resulting brown residue dried in vacuo.(470mg, 96%) 1H NMR (300 MHz, CDCl3, 
298K): 8.75 (4H,s) 4.19 (2H,t,J=8.2Hz), 4.13 (2H,d,J=7.5Hz), 3.66 (3H,s), 2.34 
(2H,t,J=7.1Hz), 1.74 (1H,m), 1.5 (4H,m), 1.3-1.1 (34H,m), 0.86 (6H,m).13C NMR (75 
MHz, CDCl3, 298K): 174.0, 163.2, 162.9, 131.0, 126.74, 126.71, 126.66, 126.5, 51.6, 45.0, 
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40.6, 36.6, 33.9, 31.92,31.89, 31.7, 30.0, 29.6, 29.6, 29.4, 29.3, 27.7, 26.6, 26.4, 24.8, 24.6, 
22.7, 22.7 FTMS Mass calculated: 675.4368 Mass observed: 675.4351 
 
 
Synthesis of 27 
 
Potassium carbonate 1.47g (10.6 mmol) was suspended in 50ml of acetonitrile and 
1.57g (3.56 mmol) of 29 was added. After which 0.795g (3.56 mmol) of 6-bromohexanoic 
acid was added. The mixture was refluxed for 24h. The reaction mixture is then filtered, 
the filtrate collected and solvent removed under reduced pressure. The residue is then 
dissolved in chloroform and washed with 1M HCl, brine,water. The organics were then 
dried over MgSO4 and the solvent removed under vacuo to yield a brown oil. The residue 
was then dissolved in 30ml of DMF excess potassium phthalimide added and stirred for 
10h at 90 oC. After the mixture was cooled, it was poured into water (150 mL) and 
extracted with CH2Cl2. The combined organic layer was washed with 10% KOH aq., water 
and saturated NH4Cl aq. The solvent was then removed under reduced pressure. The oil 
was then purified by flash column chromatography (hexane then to 1:1 hexane:CH2Cl2) to 
obtain a brown oil. ( 907 mg 43%)  1H NMR (300 MHz, CDCl3, 298K): 7.82 (2H,m), 7.34 
(2H,t,J=8.1Hz), 6.81 (2H,d,J=7.8Hz), 4.14 (4H,m), 4.00 (2H,d,J=5.4Hz), 2.37 
(2H,t,J=7.0Hz), 1.93 (2H,m), 1.75 (1H,m), 1.3-1.2 (32H,s), 0.88 (9H,m)  13C NMR (75 
MHz, CDCl3, 298K): 173.7, 154.9, 154.6, 126.9, 126.7, 125.1, 125.0, 114.3, 113.9, 105.2, 
105.1, 70.8, 67.8, 60.3, 38.1, 34.4, 32.0, 31.7, 30.1, 29.7, 29.6, 29.4, 29.1, 27.0, 25.9, 24.8, 




Reflection absorbance Infrared Spectroscopy 
 
FTIR and RAIRs was performed on a Perkin Elmer Spectrum 100 with a RAIRs adapter. 
Steel rig plates supplied by BP Castrol were polished with diamond down to 250 microns. 
Steel plates were cleaned by ozonolysis in between runs.  
 
Sum frequency generation spectroscopy 
 
SFG spectroscopy was performed by Dr Mike Casford at the University of Cambridge on 
a  picosecond SFG spectrometer supplied by Expla running at 50 Hz with a tuning range of 
4000 cm-1 to 625cm-1. Steel rig plates supplied by BP Castrol were polished with diamond 








1 K. Tambara, N. Ponnuswamy, G. Hennrich and G. D. Pantoş, J. Org. Chem., 2011, 76, 
3338–3347. 




































Chapter 4 Aromatic Interactions of Polycyclic aromatic 
hydrocarbons in non-polar environments experimental 
 
General Procedure for PAH solubilisation experiments 
 
1 mg/ml PAH added to solution of dispersant and allowed to stir for 24 hours at room 
temperature. The resulting solution is then filtered through a polyethersulfone 0.2 ųm 
membrane and the spectra recorded. All spectra were recorded on a Chirascan CD 
spectrometer. 1 mM Quartz or 10 mM PMMA plastic cuvettes (UV cut off 300 nm) were 






Figure 89 UV-vis spectra of 14 and Flavanthrone solutions Normalised at 700nm 
 
 











Adapted synthesis previously reported by Cataldo and co-workers.1 156.7 mg of 
hexaphenylbenzene  was added to 4.0 g of AlCl3, 2.0 g of NaCl and 2.0 g of ZnCl2  in a 
Schlenk tube which was subsequently heated to 200 °C and stirred for 8 hours. After 
cooling, the mixture was treated with 50 ml HCl 15%, stirred and filtered. A black 
insoluble precipitate was collected and washed thoroughly with distilled water and then 
exhaustively washed with acetone by soxhlet extraction until it passed completely clear. 
After drying, the yield of the black material recovered which was further purified by hot 
filtration from squalene 69.8 mg 46%. EI mass calculated: [M]+ 522.1 mass observed: 










Adapted synthesis previously reported by Cataldo and co-workers.1 160.0 mg of Perylene 
was added to 7.6 g of AlCl3, 1.5g of NaCl and 1.1g of FeCl3 in a Schlenk tube which was 
subsequently heated to 200 °C and stirred overnight. After cooling, the mixture was treated 
with 50 ml HCl 15%, stirred and filtered. A dark green insoluble precipitate was collected 
and washed thoroughly with distilled water and then soxhlet extracted with acetone until it 
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passed completely clear. The solid was then dried under vacuo to yield a dark green solid 
76.7 mg 48%. UV spectra in 1,2,4-trichlorobenzene matched previously reported spectra.1 
 
 
Synthesis of 37 
 
 
100 mg of α-benzopyrene was added to 3.8 g of AlCl3, 1.91g of NaCl and 0.7g of FeCl3 in 
a Schlenk tube which was subsequently heated to 200 °C and stirred overnight. After 
cooling, the mixture was treated with 50 ml HCl 15%, stirred and filtered. A black 
insoluble precipitate was collected and washed thoroughly with distilled water and then 
soxhlet extracted with acetone until it passed through completely clear. The solid was then 
dried under vacuo to yield a black solid 70.0 mg 71% (based unfunctionalised structure 
above). EI mass calculated: [M-] 500.2 mass observed: 500.2. Trichlorinated and 
dioxygenated species at 667.2 also observed in mass spec.  
 
 
Synthesis of 42 
 
 
Hydroquinone 1g (9.08 mmol) and Potassium carbonate 251mg (1.81 mmol) were 
suspended in 100 ml of dry acetonitrile under a nitrogen atmosphere. 2-ethylhexylbromide 
0.31 ml (1.81 mmol) was added and the mixture refluxed for 24h under N2. The residue is 
then dissolved in chloroform and washed with sat NaHCO3, brine,water. The organics 
were then dried over MgSO4. The solvent was removed under reduced pressure to yield a 
red/brown oil 261mg 65%. 1H NMR (300 MHz, CDCl3, 298K): 6.77 (4H,m), 4.42 
(1H,brs), 3.78 (2H,d,J=5.8Hz), 1.69 (1H,m), 1.5-1.2 (8H,m), 0.92 (6H,m) 13C NMR (75 
MHz, CDCl3, 298K): 153.7, 149.2, 116.0, 115.6, 115.4, 71.3, 39.5, 30.5, 29.1, 23.9, 23.1, 














Hydroquinone 200mg (1.80 mmol) and Potassium carbonate 546mg (3.96 mmol) were 
suspended in 150 ml of dry acetonitrile under a nitrogen atmosphere. 3-Bromo-1-propanol 
0.34 ml (3.81 mmol) was added and the mixture refluxed for 24h under N2. The reaction 
was cooled and filtered, the filtrate collected and the solvent removed under reduced 
pressure. The residue is then dissolved in chloroform and washed with sat NaHCO3, 
brine,water. The organics were then dried over MgSO4. The solvent was removed under 
reduced pressure and the resulting solid dried under vacuo at 40 oC to yield an off white 
solid 265mg 65%. 1H NMR (250 MHz, CDCl3, 298K): 6.84 (4H,s), 4.08 (4H,t,J=6.0Hz), 
3.87 (4H,q,J=5.1Hz), 2.03 (4H, quintet,J=6.0Hz) 13C NMR (75 MHz, CDCl3, 298K): 
153.1, 115.5, 66.7, 60.8, 32.1, 31.7   Matches reported literature spectra by Calderalli and 
co-workers. 2 
 





44 101 mg (0.44 mol), triethylamine 0.15 ml (1.11 mmol) and mesyl chloride 0.09 ml 
(1.11 mmol) were dissolved in dry dichloromethane. The mixture was stirred overnight at 
room temperature. The reaction mixture was then washed with water, sat NaHCO3 and sat 
NH4Cl. The organics were dried over MgSO4. The solvent was removed under reduced 
pressure to yield a brown solid 133mg 78%.  1H NMR (300 MHz, CDCl3, 298K): 6.83 
(4H,s), 4.44 (4H,t,J=6.2Hz), 4.04 (4H,t,J=5.9Hz), 2.99 (3H,s), 2.20 (4H,quintet,J=5.9Hz) 
13C NMR (75 MHz, CDCl3, 298K): 153.0, 115.5, 66.8, 63.9, 37.3, 29.2 FTMS mass 






















42 169mg (7.64 mmol) and 45 128mg (3.47 mmol) were dissolved in 15 ml of dry DMF 
under N2. The mixture was cooled to 0 oC and Sodium hydride 60% in mineral oil 55mg 
(1.38 mmol), was added. The mixture was stirred at room temperature for 24 hours. The 
reaction was quenched with 1 ml of brine and the solvent removed under reduced pressure. 
The residue was dissolved in chloroform and washed with water, sat NaHCO3 and sat 
NH4Cl. The organics were dried over MgSO4. The solvent was removed under reduced 
pressure to yield a colourless oil which was further purified by flash column 
chromatography 1:1 hexane:chloroform to chloroform 126mg 58%. 1H NMR (300 MHz, 
CDCl3, 298K): 6.83 (12H,m), 4.10 (8H,t,J=6.2Hz), 3.78 (4H,d,J=5.8Hz), 2.21 
(4H,quintet,J=6.1Hz), 1.69 (2H,m), 1.5-1.2 (16H,m), 0.91 (12H,m) 13C NMR (75 MHz, 
CDCl3, 298K): 152.7, 152.4, 152.1, 151.9, 114.5, 114.41, 144.36, 70.2, 64.18, 38.4, 31.7, 
30.9, 29.5, 29.0, 28.7, 28.5, 28.4, 28.1, 26.1, 22.8, 22.0, 13.1, 10.1 FTMS mass calculated: 

















BPD Spectra  
 
 
Figure 92 BPD,29 and 29·BPD Spectra in Squalene  
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